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ABSTRACT
It has been reported that repeated restraint stress (RS), 3 hours/day for 3 days,
in rats caused sustained weight loss and a temporary drop in daily food intake with no
subsequent compensatory overeating during the post stress period. The hypothesis
tested in the present study is that RS causes peripheral tissue metabolism changes which
account for the abnormal regulation o f body weight and food intake during the post
stress period.
Adult male Sprague Dawley rats were assigned to control, pair fed (PF) or RS
groups. One day after the end o f RS, midbrain urocortin mRNA was at control levels in
RS rats, but elevated in PF rats. NPY content in hypothalamus PVN was the same for
all groups. These results confirm that the acute effects of stress were already reversed
one day after stress. The initial weight loss during stress was lean tissue, but 5 days post
stress, it was both lean and fat. In an oral glucose tolerance test one day after RS, insulin
release was blunted but glucose clearance was normal. A number of measurements for
lipid and glucose metabolism were made in peripheral tissues. The major differences in
RS rats were a substantial inhibition of adipocyte, but not muscle, glucose transport. In
contrast, adipocyte fatty acid oxidation was increased. In the liver, there was an
increment of hepatocyte glucose transport in RS rats. This extra glucose was stored as a
glycogen in the liver. P-adrenergic receptor number was increased in adipose but not in
liver from RS rats, which implies that lipolysis was increased in RS rats.
These results demonstrate that RS affected nutrient partitioning and specific
tissue nutrient metabolism during the post stress period. The increased glucose uptake
and storage in liver may contribute to the absence of compensatory hyperphagia in
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stressed animals. The switch from glucose to fatty acid utilization in adipocytes may
account for the post stress change in body composition and the sustained weight loss in
RS rats. As P-adrenergic receptor number was increased in adipose tissue, this may be
responsible for the changes in adipose metabolism.
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CHAPTER ONE
INTRODUCTION
Stress in a common phenomena in modem society. As a biological concept,
stress is a disruption o f homeostasis by unpredictable factors. An initial step of the stress
response is the release of corticotropin release factor (CRF), which activates the
hypothalamic-pituitary-adrenal (HPA) axis and initiates other neuroendocrinological
responses. As a consequence, stress affects both behavior and a broad range o f body
systems, including the central nervous system, cardiovascular, endocrine, immune, and
digestive systems. The acute responses to stress in these systems are relatively well
documented and are sometimes referred to as “fight and flight” responses. However,
chronic responses to stress, especially as represented by alterations o f body weight and
food intake due to disturbances o f energy balance, have received less attention.
A variety of stressors, such as food restriction or cold exposure, can cause
negative energy balance and, therefore, weight loss. However, once the stress is
terminated, the animals go though a compensatory' overeating (hyperphagia) period until
their body weight returns to pre-stress levels. Repeated restraint stress, which also
causes negative energy balance, is a stress model that is frequently used for investigating
the effects of drugs on stress related pathology, such as gastrointestinal ulcer (Glavin et
al., 1991; Glavin et al., 1994). However, in previous studies, we found that repeated
restraint stress (three hours per day for three consecutive days) not only caused rats to
lose body weight and reduce food intake during the stress period, but also caused them
to maintain a reduced body weight during the post stress period. The reduction in food
intake lasted for up to seven days after stress was ended, whereas the reduction in body

l

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

2

weight was not corrected even 40 days after the last restraint stress (Harris et al.,
1998b). Meanwhile, the hypothalamic monoamines, neuropeptide Y (NPY), serotonin
and peripheral corticosterone were all at control levels during the post stress period
(Harris et al., 1998b; Rybkin et al., 1997). These results imply that the central
mechanisms, including CRF, catecholamines and serotonin, which are both activated
during stress and are involved in the regulation food intake, are not directly responsible
for the abnormal regulation o f body weight during the post stress period. Since the
chronic effects of repeated restraint stress appear to be independent of sustained
activation of central systems that show acute responses to stress, changes in peripheral
tissue metabolism may play a role in preventing compensatory hyperphagia and causing a
sustained weight loss in restrained rats during the post stress period.
The hypothesis tested in experiments described here was that repeated restraint
stress causes changes in tissue metabolism, which contribute to the sustained weight loss
and absence of compensatory hyperphagia in restrained rats during the post stress
period. To test this hypothesis, several measurements were performed. First, body
composition and whole body glucose clearance were measured during the post stress
period. Second, glucose and fatty acid utilization were measured in the three major
insulin responsiveness peripheral tissues: muscle, fat, and liver. Finally, P-adrenergic
receptor activity was measured in adipose tissue and liver to determine whether the
observed tissue metabolic changes resulted from changes in sympathetic activity.
The results of these experiments showed that repeated restraint stress did cause
changes in peripheral tissue metabolism in the post stress period, particularly in fat and
liver. In adipose tissue from restrained rats, glucose uptake was inhibited and fatty acid
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oxidation was increased, but there was no change in fatty acid esterification. In liver,
glucose uptake and glycogen synthesis were increased in restrained rats. These two
metabolic responses corresponded with changes in whole body composition, in which
body fat content declined and liver glycogen content increased between one and five
days after the end o f the last restraint stress in restrained rats. However, as majority of
weight loss during stress was lean tissue (protein plus water), the difference in weight
between control and stressed rats was a combination of lean and fat tissue, measured five
days after the end o f stress. As there is some evidence that liver nutrient substrate flux
can influence food intake (Friedman & Tordoff, 1986; TordofF& Friedman, 1988;
Tordoff, Tluczek & Friedman, 1989), it is possible that the increased liver glycogen
content in restrained rats prevented compensatory overeating once stress ended.
In the following chapters, each of the different measurements is described in
detail. There are a total o f eight chapters. (1) Introduction. (2) Review of literature. (3)
The whole body response to repeated restraint stress. (4) Skeletal muscle response to
repeated restraint stress. (5) Adipocyte response to repeated restraint stress. (6) Liver
response to repeated restraint stress. (7) The effects of repeated restraint stress on (3adrenergic receptor in adipose tissue and liver. (8) Summary and research directions.
The final conclusion that can be drawn from the presented dissertation research is
that repeated restraint stress causes significant changes in the metabolism o f peripheral
tissues during the post stress period, and that these changes may account for the
establishment o f a new homeostasis in stressed animals during the post stress period.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

CHAPTER TWO
REVIEW OF LITERATURE
INTRODUCTION
The term stress was borrowed from physics by W. Cannon and H. Selye and is
defined as the mutual actions of forces that take place across any section of the body
(Chrousos, 1988; Selye, 1950). As a biological concept, stress is a state in which
unpredictable or uncontrollable factors disrupt homeostasis. This disruption can cause a
diversity of changes in individuals including alterations in behavior, autonomic function,
and the secretion of multiple hormones. The mechanisms that initiate these changes are
complicated, but one outcome is a change in body weight and food intake of a stressed
individual. This chapter will review: (1) Stress and its relationship with body weight and
food intake; (2) Body weight regulation; (3) Food intake regulation; (4) Glucose
transport and insulin sensitivity; (5) Muscle glucose metabolism; (6) Adipose tissue
glucose and fatty acid metabolism; (7) Liver glucose and fatty acid metabolism; (8) The
relationship between adrenergic receptors and tissue metabolism. This literature rexdew
provides the background for the dissertation research described in following chapters.
STRESS AND ITS RELATIONSHIP WITH BODY WEIGHT AND FOOD INTAKE
Stress is a state of disrupted homeostasis and the degree of stress is dependent on
the cause of, or the response to, a specific stressor. Depending upon an individual’s
response to stress, stress can be sub-divided into physiological stress, psychological
stress, or mixed type stress. Physiological stressors include trauma, infection or other
physical illness, and exercise. Psychological stressors include working conditions, and
status changes, examinations or loss o f a loved one. Experimental stressors, such as

4
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restraint or sleep deprivation, are combinations o f physiological and psychological stress.
Stress can also be considered acute or chronic, depending upon the time and frequency
of the applied stressor. Nevertheless, a common consequence o f stress is the activation
of the hypothalamic-pituitary-adrenai (HP A) axis (Herman & Cullinan, 1997).
The HPA axis is activated by stress-stimulated release o f corticotropin-releasing
factor (CRF) (Chrousos, 1988). During stress, the secretion o f CRF from the
paraventricular nucleus o f the hypothalamus (PVN) increases, resulting in secretion of
ACTH from the pituitary and then secretion of corticosterone from the adrenal glands.
Besides activating the HPA axis, CRF is also involved in regulation of serotonergic and
catecholaminergic systems (Smagin et al., 1997; Turnbull & Rivier, 1997). All these
stress related, or CRF related, alterations regulate whole body and individual organ
responses to stress, such as the “fight or flight” response, inhibition o f growth, and
metabolic and immune responses. However, one endpoint o f these responses is a change
in energy balance, either by an increase in energy expenditure, a decrease in energy
intake, or both.
The consequence o f a change in energy balance is usually represented by changes
in body weight and food intake. Some experimental stress models decrease food intake
and reduce body weight and others increase food intake and cause body weight gain.
For example, restraint stress causes rats to reduce both food intake and body weight,
while tail pinching stress causes rats to increase food intake and body weight (Glavin et
al., 1994; Morley & Levine, 1980; Morley, Levine & Rowland, 1983). In humans,
chronic mild stress increases abdominal fat (Epel et al., 1999), whereas the loss o f a
loved one or trauma can cause weight loss. The hormones, which are secreted in
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response to stress, are directly, or indirectly involved in the regulation o f food intake.
Endogenous opioid peptides, which are released in response to mild stress such as tail
pinch, increase feeding (Kalra et al., 1999) with the characteristics of a short lived and
relatively modest feeding behavior (Levine & Billington, 1989). CRF (Heinrichs et al.,
1992; Heinrichs et al., 1993; Krahn et al., 1986) and serotonin (Bray et al., 1999;
Leibowitz & Alexander, 1998) directly inhibit food intake; whereas others, such as
corticosterone and norepinephrine, are involved in the regulation o f energy metabolism
and can influence food intake indirectly.
Another newly discovered neuropeptide, urocortin, is also involved in central
control of appetite and endocrine responses to stress (Spina etal., 1996; Turnbull &
Rivier, 1997). Urocortin is a peptide related to CRF and shares 45% sequence identity
with CRF in rats (Vaughan et al., 1995). The Edinger Westphal nucleus o f the midbrain
is a major site for urocortin mRNA expression (Vaughan et al., 1995). Urocortin
expression is influenced by stress and by corticosterone (Smagin, 1999). There is
increasing evidence that urocortin is involved in central appetite control and in endocrine
responses to stress. Similar to CRF, synthetic urocortin injected intracerebroventricularly (i.c.v.) elevates plasma ACTH and corticosterone levels, suppresses
food intake (Spina et al., 1996) and causes anxiety-type behavior in rats (Moreau,
Kilpatrick & Jenck, 1997).
Although, in general, stress activates the HPA axis and causes release of several
stress hormones, secretion of a particular stress hormone and the metabolic response
depend on the type, intensity, and the frequency o f the stressor that is applied (Sutanto &
de Kloet, 1994). Repeated restraint stress is one of the stress methods widely used in
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physiological and pharmacological research with rodent models (Glavin et al., 1994).
Animals undergoing repeated restraint stress experience changes in behavior, physiology,
pharmacology and immunology with little change in psychological factors (Glavin et al.,
1994). However, intensive and prolonged repeated restraint stress, such as twenty hours
per day for fourteen consecutive days, can be used as model of depression (Kitayama et
al., 1989). The most common use of repeated restraint stress model is to investigate the
effects of drugs on stress induced pathology, such as gastric ulcers (Glavin et al., 1991).
However, our previous results noted a new outcome o f restraint stress: three hours of
restraint stress for three consecutive days in rats causes a temporary reduction in food
intake and a sustained decrease in body weight (Harris et al., 1998b). These effects are
also influenced by the time of day the stress is applied, intensity o f the stressor, age of
the animals and the diet used in restraint animals (Harris et al., 1998b; Marti, Marti &
Armario, 1994; Rybkin et al., 1997).
In summary, stress initiates the secretion of several hormones, including CRF,
urocortin, serotonin, catecholamines, and corticosterone These stress hormones interact
with each other and result in disturbances of homeostasis and adaptation to stress. One
endpoint of the stress response is represented by changes in body weight and food intake
of the stressed individual.
BODY WEIGHT REGULATION
Regulation of body weight was once considered a simple feedback control system
in which the hypothalamus modulated food intake to compensate for fluctuations in body
energy stores. It is now apparent that regulation of body weight is achieved through
complex interactions between factors that influence energy intake and energy
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expenditure, as well as genetic factors. Defense of a preferred body weight is one theory
for the regulation of body weight (Harris, 1990; Levin, 1998). The hypothesis o f this
theory is that individuals regulate their weight at a preferred level (set-point) and there
are long-term regulatory mechanisms in place to prevent frequent, large changes in body
weight. For instance, when individuals are forced to gain or lose weight by over- or
underfeeding, their body weight returns to control weight once the stimulus to change is
removed (Keesey & Powley, 1986; Sims et al., 1973). Therefore, the body has an ability
to memorize its original set-point and regulate its weight at this point.
Although body weight is the most easily, and frequently, measured parameter for
the investigation of energy balance, it represents the total mass o f skeleton, lean tissue
and fat tissue, each of which may be regulated independently. Thus, body composition
needs to be determined to identify which type of tissue changes if the body weight is
changed. One experiment showed that body fat content of young rats was increased by
overfeeding. Once overfeeding stopped, the rats were hypophagic and continued to gain
lean mass but stopped gaining fat until body composition was similar to that o f controls
(Drewry, Harris & Martin, 1989). Therefore, both body weight and body composition
are regulated according to their own set-points (Levin & Keesey, 1998).
The set point is a phenomenon which shows that an individual has the ability to
defend against changes of body weight and body composition. The mechanisms involved
in this regulation are very complicated and still under investigation. Most research on
regulation of body weight and body composition is focused on the relationship between
energy intake and energy expenditure, o r how genetic factors affect this relationship.
Body weight and composition can be regulated by manipulating dietary nutrients, such as
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feeding different concentrations of dietary fat, carbohydrate, or protein (Harris, 1993).
Research also shows that high fat feeding increases weight gain and stress responsiveness
(Kamara, Eskay & Castonguay, 1998; Levin, Hogan & Sullivan, 1989). In fact, body
weight is regulated by energy balance rather then simply by energy intake. Energy
balance is equal to energy intake minus expenditure. A decrease in energy intake,
increase in energy expenditure, or both can result in a reduced body weight and changes
in body composition. Increases in physical exercise, daily activity, and body temperature
are generally considered an increase in energy expenditure in individuals. However, at
the cellular level, increased energy expenditure is illustrated by increases in glucose and
fatty acid oxidation o f an individual cell (Felber & Golay, 1995). Different tissues have
different nerve innervation patterns and distribution o f receptors, therefore, they respond
differently to stimulation. As a result, the changes in energy expenditure o f an individual
tissue might result in changes in body composition without changes in body weight.
The mechanisms involved in regulation o f energy balance are complicated.
Research includes many types of investigations, such as neuroanatomy,
neuroendocrinology, immunology, molecular biology and genetics (Goldstein & Elwyn,
1989; Harris, 1993; Levin & Routh, 1996). The sympathetic nervous system and its
receptor activities is one pathway for regulating energy expenditure (Bilezikian & Loeb,
1983; Felber & Golay, 1995; Jamerson et al., 1993; Paquot et al., 1995). An increase in
sympathetic activity, either by increasing neurotransmitter release or by increasing
receptor activity, results in an increasing energy expenditure in a particular tissue, or a
whole body hypermetabolism (Bums, 1988; Goldstein & Elwyn, 1989; Guyton, 1996).
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In contrast, activity of the sympathetic nervous system is low in obese patients. (Bray,
1993 a)
The brain receives many neural, humoral and metabolic signals, which inform it
of the body’s energetic status. An extensive network o f integrated neurohumoral circuits
in the brain processes and translates the information into efferent signals for the control
of energy intake, expenditure and body weight. Lesions in certain sites of the brain can
cause permanent changes in energy balance, body weight and composition (Keesey,
Mitchel & Kemnitz, 1979). For example, lateral hypothalamic lesions cause anorexia
nervosa and reduce body weight (Harrell, Decastro & Balagura, 1975; Milam et al.,
1980), whereas ventromedial hypothalamic lesions cause overeating and obesity
(Hallonquist & Brandes, 1984; Weingarten, Chang & McDonald, 1985). It is also
believed that the brain contains certain types of cells, or receptors, to sense body energy
balance. Short term sensors monitor glucose and ATP; while long term sensors monitor
glucose, insulin and leptin (Ashford, Boden & Treheme, 1990; Chavez etal., 1995a; Lee
etal., 1996; Pelleymounter et al., 1995; Sokoloffer al., 1977). Therefore, circulating
energy substrates and hormones can influence energy balance by acting directly in the
brain.
However, most circulating hormones influence energy balance indirectly by
changing peripheral tissue metabolic rate (Keesey & Corbett, 1984). For example,
thyroid hormone increases basal metabolic rate and thus influences energy balance.
Some hormones can influence energy balance directly and indirectly. In addition to their
indirect influence on energy balance by change peripheral tissue metabolism,
corticosterone, insulin, leptin and prolactin, are reported to send feedback signals to the
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brain to regulate energy balance (Cincotta & Meier, 1987; Freedman, Horwitz & Stem,
1986; Woods et al., 1990). Dallman et al also reported that changes in the ratio of
insulin and corticosterone can alter body weight (Dallman et al., 1995). This ratio
change can be achieved by just changing the secretion rhythm of these two hormone
without actually changing the amount o f hormone secreted (Dallman et al., 1995). The
individual metabolic environment is determined by all these hormones and their
interactions. The results o f these interactions determine the levels at which body weight
and body composition are maintained.
In conclusion, the regulation of body weight and body composition is dependent
upon multiple factors. Besides genetic factors, which are not covered in this review,
environmental factors, such as metabolic hormones, make an important contribution to
the regulation by changing peripheral tissue metabolic rate or by interacting with a
specific brain nucleus site to regulate energy intake. Stress affects secretion of these
hormones. Therefore, a change in body weight, resulting from changes in energy
balance, is one outcome o f stress.
FOOD INTAKE CONTROL IN RESPONSE TO A CHANGE IN BODY WEIGHT
There are two aspects to the regulation of food intake: “short term,” which
determines meal initiation and meal size; and “long term,” which is related to total energy
intake over a period of days. Consequently, two theories for regulation of food intake
represent two different types of regulation: the “depletion-repletion” model regulates
short term food intake; and the “lipostatic model” regulates long term food intake. The
“depletion-repletion” model proposes that some parameter of immediately available
energy is constantly monitored and when available energy (for example, blood glucose or
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lipid availability or total energy derived from these fuels) falls to a threshold value, a
meal is initiated (Campfield, 1997; Campfield & Smith, 1990). On the other hand, when
substrate’ levels are sufficiently replenished, the meal is terminated. The “lipostatic
model” links food intake to the amount of stored energy (fat mass) in the body. It
proposes that signals are released in proportion to the size o f fat stores. This negative
feedback signal is integrated with other regulators to control food intake. Thus, in
principle, the “depletion-repletion” model accounts for regulation o f onset and
termination of a meal and the “lipostatic model” accounts for long term regulation of
food intake related to energy homeostasis (Woods et al., 1998).
Like body weight regulation, the factors that control food intake can be divided
into regulation by central mechanisms and by peripheral feedback signals. The central
regulation involves multiple neuropeptides that are secreted from neurons located in the
hypothalamus, while peripheral feedback signals are mediated by both vagal afferent
nerves and anabolic or catabolic hormones.
Central regulation
The most extensively studied neuropeptide, which increases food intake, is
hypothalamic neuropeptide Y (NPY). NPY originates in the arcuate nucleus (ARC),
and axons from the NPY cell bodies project to the paraventricular nucleus (PVN), a
major integration site for inputs related to energy homeostasis (O. Donohue et al.,
1985). Central NPY administration increases food intake and decreases energy
expenditure by decreasing sympathetic nerve outflow (Billington et al., 1991; Stanley et
al., 1986). The NPY system is normally inhibited by negative feedback factors including
both insulin and leptin (McMinn et al., 1998). Weight loss lowers the concentration of
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these hormones and the NPY system is activated to recover lost weight (Woods et al.,
1998). Under stress conditions, CRF and NPY exert a reciprocal regulation o f
responsiveness. (Heilig et al., 1994)
Endogenous opioid peptides also promote eating behavior. Three biologically
active opioids, P-endorphin, dynorphin A and enkephalins, have been isolated from the
hypothalamus. Microinjection of opiods and their agonists stimulate eating and
antagonists decrease food intake (Cole et al., 1995; Grandison & Guidotti, 1977;
Lambert et al., 1993; Morley, 1987).
Other newly identified neuropeptides, which also increase food intake, are
melanin-concentrating hormone (MCH), orexins, and agouti related proteins. MCH
mRNA is expressed in the lateral hypothalamus and expression is increased by fasting.
Central administration o f MCH increases feeding (Qu et al., 1996; Shimada et al., 1998).
Like MCH, orexins, novel hypothalamic peptides, stimulate food intake (Edwards et al.,
1999; Sakurai et al., 1998). Orexins are abundant in the rat hypothalamus, medulla-pons,
and midbrain-thalamus, and moderately abundant in the cerebral cortex. After a 48 h fast,
the orexin content in the lateral hypothalamus exhibits a trend to increase, but the
contents in other brain areas significantly decrease as compared with fed control rats.
The extensive and abundant distribution of orexins in the brain, and changes in their
contents upon fasting, suggest that they serve as neuromodulators and/or
neurotransmitters that regulate feeding behavior through an interaction with diverse
neural networks (Mondal et al., 1999).
In contrast to these neuropeptides that stimulate food intake, there are multiple
neuropeptides that decrease food intake, including CRF, urocortin and a-melanocyte-
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stimulating hormone (MSH). CRF and urocortin are stress related neuropeptides and
reduce food intake and body weight when injected centrally (Heinrichs et al., 1993;
Spina et al., 1996). An injection of a CRF receptor antagonist can reverse these effects
(Krahn et al., 1986; Smagin et al., 1998). MSH is endogenous melanocortin.
Melanocortin is a peptide cleaved from proopiomelanocortin (POMC), the precursor of
ACTH. Melanocortin mRNA is expressed in the ACR neurons, which project to areas
that participate in energy homeostasis, such as the PVN. The melaocortin receptors
(MC-R) are also expressed in the PVN. Agonists of these receptors elicit anorexia and
antagonists have the opposite effect (Fan et al., 1997). MSH has a high binding affinity
to particular subtypes of MC-R: MC-R 3 and MC-R4 (Schioth et al., 1997). When the
MC-R4 receptor is genetically deficient or knocked out, animals become hyperphagic and
obese (Cone et al., 1996; Huszar et al., 1997). Elevated production of agouti, an
endogenous antagonist of MC-R that is normally only expressed in skin, also produces
an obesity phenotype with yellow coat color (Cone et al., 1996).
Besides the neuropeptides mentioned above, some other neurotransmitters and
peripheraly secreted peptides are also involved in the central mechanism o f regulation
food intake (Leibowitz, 1986). The neurotransmitter serotonin (5-HT) has been
implicated in the control of eating behavior and body weight. Stimulants o f this
monoamine reduce food intake, weight gain and increase energy expenditure (Leibowitz
& Alexander, 1998). Serotonin receptor antagonists also reverse stress induced
hypophagia (Grignaschi, Sironi & Samanin, 1995). Leptin, a peptide mainly secreted
from adipose tissue, also inhibits food intake when injected centrally (Halaas et al.,
1997).
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Peripheral regulation
Peripheral signals, such as nutrient substrates, hormones and vagal nerve activity,
can be sensed by the brain and make a great contribution to food intake regulation.
Some of these signals are involved in a short-term regulation and others are involved in a
long-term regulation. Vagal nerves sense stomach distention and may control meal size
and frequency. Liver glucose, glycogen and fatty acid, can also be sensed by the hepatic
vagal nerve (Langhans & Scharrer, 1987a; Scharrer & Langhans, 1988) and therefore,
influence food intake. Circulating glucose is an obvious candidate as a peripheral signal
to be sensed by a certain type o f brain cell (glucoreceptors). Glucose stimulates the
firing rate of glucoreceptors located in the ventromedial hypothalamus (VMH) and
depresses activity o f glucoreceptors in the lateral hypothalamus (LH). As a
consequence, it decreases food intake (Harris, 1990; Oomura, 1975). Satiety peptides,
such as cholecystokinin (CCK), glucagon, gastrin-releasing peptide, and bombesin send
feedback signals through peripheral nerves, as well as through receptors located within
the brain itself, to reduce meal size (Figlewicz et al., 1986; Figlewicz et al., 1989; Moran
et al., 1988; Smith, Jerome & Norgren, 1985). Fat content in the meal also influences
food intake (Woods et al., 1998). Increasing fat content in the meal enhances
palatability and increases meal size. However, energy intake and digestion time are
increased as well, which results in a decrease in long term food intake. All these factors
can influence eating behavior immediately and therefore they are referred as short-term
regulation factors.
Compared with the short-term regulatory factors, long-term regulation is
accomplished through a highly integrated and redundant neurohumoral system. Leptin, a
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peptide secreted from adipose tissue, decreases food intake (Harris et al., 1998a), and
informs the brain of the size of body fat stores. Insulin has a food intake regulatory
function as well. Insulin is secreted from pancreatic beta cells and has anabolic activity
on peripheral tissue, thus regulating food intake by influencing energy homeostasis.
Repeated peripheral injections of insulin have been used to induce weight gain
(Kumaresan & Turner, 1965). However, when injected centrally, insulin reduces food
intake and body weight in a dose dependent manner (Chavez, Seeley & Woods, 1995b;
Woods et al., 1990).
Corticosterone has been implicated in food intake regulation by its effects on
NPY and CRF. Corticosterone inhibits CRF which inhibits NPY, so that the end result is
that corticosterone allows NPY to increase. Adrenalectomy attenuates the effect o f
fasting induced increases in both food intake and hypothalamic NPY gene expression,
and these responses are reversed by glucocorticoid administration (Green, Wilkinson &
Woods, 1992). Moreover, corticosterone deficiency enhances the ability of insulin and
leptin to promote anorexia and weight loss, and this effect is reversed by glucocorticoid
administration (Chavez et al., 1997), suggesting that corticosterone is an endogenous
antagonist of leptin and insulin in the control of energy balance (Woods et al., 1998).
Factors which control food intake are not limited to the peripheral signals sent to
the brain and the central mechanisms that integrate these signals. After the brain
integrates and transforms the signals, efferent pathways play a role in regulating eating
behavior. The efferent output may be neural or hormonal or a combination of the two.
Also, sympathetic nervous responses to the efferent output have a close link to food
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intake. There is an inverse relationship between sympathetic activity and food intake
(Bray, 1992; Bray, 1993b)
To conclude, the control of food intake can be considered as a feedback system.
Peripheral nutrient and energy homeostasis, which are regulated by a variety of
hormones, provide signals to the central system. The monoamines and neuropeptides in
the brain integrate these signals. The efferent output of this integrated information and
the body’s responses to them are also determination factors in this regulation.
Therefore, peripheral tissue nutrient availability and hormone-influenced nutrient
metabolism contribute to food intake regulation through both afferent input and efferent
output (tissue response) by influencing both short- and long-term feed back signals.
GLUCOSE TRANSPORT AND INSULIN SENSITIVITY
Glucose is one of the circulating factors which acts as a feedback signal to
regulate food intake and energy balance. The circulating glucose concentration is
determined by glucose administration or absorption, body glucose clearance rate, and
endogenous glucose production from liver and kidney. The ability o f different tissues to
uptake glucose determines body glucose clearance rate and controls circulating glucose
concentration. Tissue glucose uptake is mediated by glucose transporters (Gluts).
There are two broad categories of glucose transporters: Na-dependent and Naindependent Gluts. The Na-dependent glucose transporter is a secondary active
transporter, which co-transports glucose with sodium down a concentration gradient and
is located on limited epithelial cells (brush border o f intestinal and proximal renal tubular
cells). Na-independent glucose transporters move glucose though facilitated diffusion in
the direction o f a glucose concentration gradient.
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There are six functional Glut isoforms, of which five transport primarily Dglucose: Glut-1, Glut-2, Glut-3, Glut-4, and Glut-7. All Gluts have considerable
homology but vary in their affinity for glucose. Glut-1 is the most widely distributed and
serves many cell types alone or in company with another Gluts. To reach the cytoplasm
o f neurones in the brain, glucose has to cross two barriers: the choroid plexus bloodbrain barrier via Glut-1 and the neuronal plasma membrane via Glut-3 (Kahn & Flier’
1990; Zierler, 1999). Glut-2 is the major transporter in liver and is also responsible for
glucose absorption in intestine and kidney (Kahn & Flier, 1990; Zierler, 1999). Glut-4
predominately exists in insulin sensitive tissue, like muscle and fat (Kahn, 1996; Olefsky,
1999). In these tissues, Glut-4 is located in the wall of intracellular vesicles in the basal
state, with only a little in the cell surface plasma membrane. Insulin stimulates Glut-4
translocation from the intracellular space to the plasma membrane (Kahn, 1996).
Exercise, nitric oxide, and hypoxia can also stimulate this translocation. (Goodyear &
Kahn, 1998; Zierler, 1999). Glut-7 has been localized to hepatocyte endoplasmic
reticulum and may serve to transport newly produced glucose out of endoplasmic
reticulum lumen into the cytoplasm, from which it leaves the cell for the bloodstream by
way of Glut-2 (Kahn, 1996; Zierler, 1999). Therefore, transporter mediated glucose
transport depends on the intrinsic activity of the transporter, plasma density, and affinity
of the transporter for glucose.
Glut-4 is the only insulin regulated glucose transporter. Insulin binds to its
receptor in the plasma membrane, generating a series of signals that result in the
translocation of Glut-4 to the plasma membrane. Glut-4 then docks, fuses and allows
glucose to enter the cell. During this dynamic process, Glut-4 is constantly recycling

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

19

between intracellular vesicles and plasma membrane (Kahn, 1996). The signal
transduction pathway of insulin stimulated Glut-4 translocation has not been fully
understood. When insulin binds to its receptor, the receptor is phosphorylated and
causes insulin receptor substrate protein (IRS) phosphorylation. Phosphorylated IRS
protein activates several downstream cascades, including PI3 kinase and MAP kinase. It
has been reported that PI3 kinase, one downstream factor of the insulin signaling
pathway, is involved in insulin triggered Glut-4 translocation (Czech & Corvera, 1999;
Okada et al., 1994). Other experiments show that insulin may initiate PI3-kinase
independent signaling events to effect Glut-4 translocation (Jiang et al., 1998).
Glut-4 is not only cycling in insulin stimulated sates, but also constantly cycles to
a lesser extent in basal levels. As for the insulin independent Glut-4 translocation
pathway, less research has been done and the results suggest that 5’-AMP-activated
protein kinase (AMPK), protein kinase C (PKC), and G-protein linked receptor agonists
are involved in insulin independent Glut-4 translocation to the plasma membrane (Han &
Bonen, 1998; Hansen, Corbett & Holloszy, 1997; Hayashi et al., 1998). “gpl60”, a
major protein component of Glut-4-containing vesicles, is also reported to be involved in
insulin independent Glut-4 cycling (Filippis, Clark & Proietto, 1998). Much less
information, or none at all, is available on other kinds of glucose transport protein
signaling pathways.
Insulin sensitivity is defined by the ability to remove blood glucose into peripheral
tissue per unit of insulin. It is mainly dependent on insulin stimulated glucose transport
though Glut-4. When high concentrations of insulin are needed to produce a normal rate
o f glucose transport, the tissue is “insulin resistant”. If only slightly higher physiological
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concentrations of insulin are needed to promote the same level o f glucose transport, but
maximal responses are still obtained, the tissue has a “decreased insulin sensitivity”. The
opposite situation, in which less insulin is needed to have the same amount o f glucose
transport, is referred to “increased insulin sensitivity”. High fat feeding impairs insulin
sensitivity, or causes insulin resistance, by decreasing the amount o f Glut-4 at the plasma
membrane under insulin stimulated conditions (Pedersen et al., 1991). Under conditions
o f a glucose challenge, the majority o f blood glucose is removed from blood by insulin
dependent mechanisms. Since it is hard to exclude insulin independent glucose clearance
in in vivo experiments, both insulin sensitive and insensitive glucose disposals account
for whole body glucose clearance rates. The ratio of these two processes is determined
by many factors, including blood glucose concentration, physical exercise conditions,
disease and stress situations.
Thus, different tissues have different glucose transport protein distributions,
different glucose transport signaling pathways and different insulin sensitivities. This
provides each individual tissue with its own metabolic characteristics. Different kinds of
stress affect insulin sensitivity differently in the whole body and at the tissue levels. For
example, trauma and infection cause whole body insulin resistance (Buckley & Kudsk,
1994; Fitzsimmons & Hadley, 1995) and exercise improves muscle insulin sensitivity
(Goodyear & Kahn, 1998). The following review summarizes the metabolism in the
three major glucose utilization tissues: muscle, adipose and liver.
MUSCLE METABOLISM
Muscle falls into two broad categories dependent upon structure: smooth muscle
and striated muscle. Smooth muscle, predominately visceral smooth muscle, is
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characterized by continuous rhythmical activity, which is modified by, but is not
dependent on, extrinsic nerves. Striated muscle is cardiac and skeletal muscle. Cardiac
muscle contracts automatically and the muscle cells work together in a functional
synchrony. In contrast, skeletal muscle contracts voluntarily and can respond to
appropriate discharge from the central nervous system. The immediate energy' source for
muscle contraction is ATP and long-term energy sources are nutrient substrates, which
provide glucose, O2 , and ATP. Therefore, unlike the brain, which only uses glucose as
an energy supply, muscle can use glucose, glycogen and free fatty acid for its energy
supply since all o f them can be eventually converted to O2 by oxidation processes.
Most muscle metabolism studies are focused on: (1) protein metabolism in the
situation o f growth or illness, which either stimulate protein synthesis or accelerate
protein break down. (2 ) glucose metabolism during exercise or in diabetes, which usually
changes insulin sensitivity. (3) fatty acid oxidation in muscle as a alternative energy
supply. This review is only focused on glucose metabolism since glucose clearance is the
major focus on the research project.
Muscle is the major glucose uptake organ in the body, and accounts for 50%70% of the glucose load (Felber & Golay, 1995). Therefore, muscle plays a pivotal role
in maintaining whole body glucose homeostasis. Since skeletal muscle comprises 40% to
50% of the total body mass; it is quantitatively the major tissue responsible for insulin
dependent glucose utilization (Baron et al., 1988; DeFronzo, 1988; Kraegen et al.,
1985). Glucose uptake in muscle is regulated by the insulin dependent glucose
transporter, Glut-4. Over-expressing Glut-4 specifically in skeletal muscle results in
increased insulin sensitivity and Glut-4 knockout mice exhibit insulin resistance,
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accompanied by abnormalities in glucose and lipid metabolism (Charron & Katz, 1998).
However, when Glut-4 expression is restored only in skeletal muscle of Glut-4 knockout
mice, glucose metabolism is normalized but lipid metabolism remains abnormal (Charron
& Katz, 1998). Thus, glucose uptake by muscle can influence body glucose metabolism,
but has a lesser effect on lipid metabolism.
Muscle glucose uptake can be influenced by many factors. Insulin, exercise, or
hypoxia can stimulate muscle glucose transport, whereas a high fat diet, diabetes,
denervation, and inactivity can impair muscle glucose uptake (Sinacore & Gulve, 1993).
In most situations, skeletal muscle is the one of the first target tissues where insulin
resistance occurs, and, in addition to liver, it is also the tissue responsible for changes in
whole body glucose clearance rates (Sinacore & Gulve, 1993).
Although there is no doubt of the importance of glucose transport in the
regulation of muscle glucose metabolism, there is now considerable evidence that post
transport events also play a significant role. After glucose is transported into the cell, it
can either be oxidized to provide energy, or it can be stored as glycogen. The initial step
of glucose oxidation is phosphorylation. Furler et al reported that under normal
physiological conditions, glucose transport, rather than phosphorylation, is the rate
limiting process of muscle glucose metabolism (Furler et al., 1997). However, when rats
were a fed high fat diet (59% of energy) for three weeks, both glucose transport and
phosphorylation become rate limiting processes o f glucose metabolism in these rats.
(Furler et al., 1997).
Another glucose metabolic path in muscle is synthesis of muscle glycogen, which
can be stimulated by insulin. Muscle insulin resistance impairs both glucose uptake and
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glycogen synthesis (Sinacore & Gulve, 1993). Muscle glucose depletion causes
glycogen mobilization and consequently, muscle glycogen content is decreased. This
situation usually occurs when muscles require an increased energy supply, such as during
exercise. Glycogen deficiency can cause exercise intolerance (DiMauro & Bruno, 1998).
However, muscle glycogen can be restored afterwards, and, usually, the restored level of
glycogen is even a little higher than the level before its depletion. This is called the
glycogen super-compensation phenomena (Sinacore & Gulve, 1993). In skeletal muscle,
glucose from glycogen stores is consumed in situ, since glucose cannot be released into
the circulation (Felber & Golay, 1995). Thus, glycogen synthesis and mobilization are
essential for normal muscle glucose homeostasis. It is well established that
catecholamine and corticosterone secretion are stimulated during stress and as a result,
muscle develops insulin resistance (Niklasson, Holmang & Lonnroth, 1998; Viru et al.,
1994). Serotonin, another stress induced neurotransmitter, has been reported to increase
muscle glycogen break down when injected for four days in rats (Brizzi et al., 1984)
In conclusion, muscle glucose metabolism is the key event reflected in whcle
body insulin sensitivity. It can also be modulated by factors such as exercise, insulin
independent glucose uptake and stress related hormones.
ADIPOSE TISSUE METABOLISM
Adipose tissue metabolism is primarily concerned with triglycerides synthesis
(lipogenesis) and triglycerides breakdown (lipolysis). In adipose, lipid is stored as
triglycerides by re-esterification of free fatty acids and glycerol. Glucose is the primary
source of glycerol for this re-esterification process, since most glycerol from
triglycerides broken down in extracellular fluid will return to the circulation. Two
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enzymes, lipoprotein lipase (LPL) and hormone sensitive lipase (HSL), play a key role in
lipid metabolism. LPL stimulates lipid synthesis (lipogenesis) and HSL causes lipid
breakdown (lipolysis). Figure

2 .1

represents the processes o f lipogenesis and lipolysis in

adipose tissue.
LPL is synthesized in adipocytes and secreted into adjacent endothelial cells.
There, it hydrolyzes triglycerides into glycerol and free fatty acid (Frayn et al., 1996).
Free fatty acids can then be transported into adipose and used for synthesis o f
triglycerides. Therefore, LPL stimulates lipogensis by providing more substrates, in the
form of free fatty acids. Insulin stimulates LPL, promotes fatty acid re-esterification, as
well as stimulating glucose transport into adipocytes by translocating Glut-4 to the
plasma membrane (Frayn et al., 1996).
HSL stimulates triglyceride hydrolysis to glycerol and free fatty acid, but this
process happens inside the adipocyte and HSL releases free fatty acids from adipose into
plasma (Wiener et al., 1987). HSL is phosphorylated by cAMP dependent protein
kinase A, translocated to its substrate at the surface o f the lipid storage droplet where it
is activated (Egan et al., 1992). Once the fatty acid is released into plasma, it can be
moved to different peripheral tissues and be oxidized as an energy substrate. Insulin
inhibits HSL activity by decreasing cAMP (Wiener et al., 1987).
In the fasting state, LPL is inhibited and HSL is activated. But after a meal, HSL
is rapidly suppressed and remains so for about five hours while LPL activity gradually
increase to a peak at four to five hours (Frayn et al., 1995; Frayn et al., 1996). Many
factors can influence lipid metabolism, such as counterregulatory hormones, sympathetic
nerve activity, diet, genetic factors, stress, and illness. Corticosterone, growth hormone,
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Figure 2.1 Diagrammatic representation of triglyceride storage (lipogenesis) and
breakdown (lipolysis) in adipocytes. FFA: free fatty acid; FFA-CoA: thioester; HSL:
hormone sensitive lipase; LPL: lipoprotein lipase; DG: diglyceride; MG: monoglyceride;
DG-P: phosphatidic acid; MG-P: lysophosphatidic acid
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and glucagon stimulate lipolysis (Ranallo & Rhodes, 1998). Stress and sympathetic
nerve activation result in catecholamine release, therefore, they also increase lipolysis.
Trauma and other illness, which cause hypermetabolism, increase serum free fatty acids
and glycerol, an indicator of increased lipolysis (Wiener et al., 1987). Free fatty acid
released from adipose tissue by lipolysis serves as an autocrine signal and contributes to
the development o f insulin resistance in muscle and liver (Mohamed-Ali, Pinkney &
Coppack, 1998).
Besides lipid metabolism, glucose transport into adipose tissue is also regulated
by insulin. In adipocytes, the majority o f glucose transport is by Glut-4, insulin sensitive
glucose transport. Glut-1, an insulin independent glucose transporter, is also present in
adipocytes at low concentrations. The mechanism for insulin stimulated glucose
transport in adipose is the same as in muscle. A high fat diet causes adipose insulin
resistance and reduces plasma Glut-4 protein density (Baldwin, Barros & Griffiths, 1995;
Kahn & Pedersen, 1992). Gnudi et al reported that mice with Glut-4 over-expression in
adipocytes do not show an improved whole body glucose clearance rate in a glucose
tolerance test. However, they increase their body fat content, compared with control
mice, when fed with low fat diet. This effect was eliminated when fed with high fat diet
(Gnudi et al., 1995). These results suggest that although adipose glucose transport is
insulin regulated, it does not greatly affect whole body glucose clearance because the
total amount of glucose transported into fat is much less than in muscle or liver. More
over, the effect o f glucose transport on lipid synthesis is moderate and can be overridden
by other factors, such as high fat feeding.
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In addition to lipid metabolism, adipose tissue also participates actively in energy
regulation through a network of endocrine, paracrine and autocrine signals. A diverse
range of signals emanate from adipose tissue, such as leptin, tumour necrosis factor-ct
(TNF-a), interleukin- 6 (IL-6 ) and its soluble receptors, and free fatty acids (MohamedAli et al., 1998). Leptin influences central and peripheral aspects of energy balance
(Halaas et al., 1997; Harris, 1998; Harris, 1999). TN F-a and EL- 6 stimulate basal
glucose uptake into cultured adipocytes and inhibit LPL activity (Hauner et al., 1995;
Stouthard, Oude Elferink & Sauerwein, 1996; Wang, L & Brindley, 1998). However,
TNF-a from adipocytes can also cause insulin resistance (Cheung et al., 1998;
Hotamisligil, 1999; Storz et al., 1998). In humans, EL- 6 was found to stimulate glucose
and fatty acid oxidation as well as to induce the release o f glucagon and cortisol
(Grunfeld & Feingold, 1996; Stouthard etal., 1995).
Most of these signals from adipose also have a complicated interaction with each
other and with the central nervous system. Leptin, IL - 6 and TNF-a are reported to
interact with the HPA aixs, influencing CRF release; but the results from those studies
are conflicting (Mohamed-Ali et al., 1998). The regulation of secretion of these signals
is complicated, however, the sympathetic nervous system is reported to be involved. For
example, catecholamines and synthetic P-adrenergic agonists have been shown to
suppress leptin levels at both pre-transcription and post-transcription levels (Pinkney,
Coppack & Mohamed-Ali, 1998; Trayhum, Duncan & Rayner, 1995; Trayhum et al.,
1996). These results lead to the suggestion that adrenergic stimulation may suppress
plasma leptin levels, which feeds back to the brain to reduce sympathetic outflow and
thermogenesis.
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In conclusion, lipid metabolism is the predominant metabolic process in adipose
tissue. The mechanism o f regulating this process involves many factors including
nueroendocrine regulation and diet modulation. The products of this process also send
feed back signals through endocrine, autocrine and paracrine paths to influence whole
body homeostasis. However, adipose is not a significant fatty acid oxidation site, even
though a considerable portion of circulating free fatty acid is released from adipose tissue
lipolysis. Instead, liver is the tissue that has the highest rate o f fatty acid oxidation
(Wiener et al., 1987).
LIVER METABOLISM
Liver is the most complex functional organ in the body carrying out a multitude
of different processes. Glucose, fat, and protein metabolism are all performed in liver, as
well as metabolism and clearance of many drugs and toxic substances. However, the
liver metabolism reviewed here concerns only nutrient metabolism, mainly of glucose and
fatty acids.
Liver both synthesizes and breaks down glucose by the processes of
gluconeogenesis and glycolysis. It also synthesizes and breaks down glycogen by the
processes glycogenesis and glycogenolysis. Lipids can be synthesized in liver by
lipogenesis. Hepatic protein synthesis is involved in enzyme regulation and in the
production o f other circulating factors. Among all these functions, a change in liver
glucoregulatory function is a characteristic response to feeding and to stress.
Liver glucose regulatory responses are mediated by the balance o f glucose uptake
into the liver and endogenous glucose release from liver into circulating blood. Glucose
uptake into the liver is an insulin independent process, in which Glut-1 and Glut-2 serve
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as transporters (Zierler, 1999). The rate o f endogenous glucose production from liver is
determined by the balance between gluconeogenesis and glycolysis and the ratio of
glycogenesis and glycogenolysis.
Gluconeogenesis is an energy demanding process whereby lactate, pyruvate,
glycerol, and certain amino acids are converted to glucose. Liver is the major site of
gluconeogenesis. The most important function of gluconeogenesis is maintenance of
blood glucose levels during times when food intake is restricted and/or glycogen stores
are depleted. In contrast, glycolysis is the conversion of glucose into pyruvate and
lactate. The major function of hepatic glycolysis is to provide substrates for fatty acid
synthesis, but it may also provide them for glycogen synthesis. Similarly, glycogenesis is
the process o f glycogen synthesis and glycogenolysis is the process o f glycogen
breakdown to glucose. Hepatic glycogenolysis and gluconeogenesis are alternative
sources of the glucose produced by liver.
The net result of hepatic glucose uptake and output is affected by many
modulators. Two o f the most important regulating factors are insulin and glucagon, or
the ratio o f insulin to glucagon. Glucagon promotes hepatic glucose output. Although
insulin does not affect Glut-2 mediated glucose transport into liver, it suppresses
endogenous glucose output by inhibiting glucagon release from the pancreas (McCall et
al., 1998; Sindelar et al., 1997). Insulin is also reported to have a direct inhibition on
hepatic gluconeogenesis and glycogenolysis (Giacca et al., 1997; Sindelar et al., 1998).
Beside glucagon and insulin, stress hormones, such as catecholamines and
corticosterone, also have significant effects on hepatic glucose production (McGuinness
et al., 1993). Intraportally infusing norepinephrine significantly increases hepatic glucose
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production by increasing glycogenolysis (Chu et al., 1998; Chu et a l, 1996). When
adrenergic blockers were infused intraportally, this increased hepatic glucose production
by norepinephrine still existed, but was due to increased gluconeogenesis rather than
increased glycogenolysis (Chu et al., 1997b). The same author demonstrated that
hepatic glucose production can be increased by both systemic and portal catecholamine
administration. Plasma catecholamines increase gluconeogenesis, whereas portal
catecholamines increase glycogenolysis (Chu et al., 1997a).
To elucidate molecular mechanisms of regulation hepatic gluconeogenesis and
glycolysis, several enzymes have been extensively studied. Research has focused on
hormones regulating the expression o f those genes that encode regulatory enzymes. The
results show that both transcriptional and post-transcriptional regulatory mechanisms are
involved. Also, there is coordinate hormonal regulation of gene expression and these
effects are compatible with their physiologic actions. Insulin induces the mRNAs that
encode glycolytic enzymes and represses the mRNAs that encode gluconeogenic
enzymes; cAMP has opposite effects. Glucose is also important in the regulation o f
expression of these hepatic enzymes (Kahn, 1997; Pilkis & Granner, 1992; Rencurel &
Girard, 1998). One of these enzymes is liver phosphoenolpyruvate carboxykinase
(PEPCK). PEPCK is a rate limiting enzyme in gluconeogenesis and its activity is solely
determined by gene regulation, not by enzyme allosteric effectors. PEPCK gene is
regulated by a variety of dietary and hormonal signals, which result in an alteration of
synthesis of the enzyme both by transcription and by translation. Major factors that
increase PEPCK gene expression include cAMP, corticosterone, and thyroid hormone,
whereas insulin inhibits this process. It has been reported that corticosterone or
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sympathetic activition stimulate PEPCK synthesis by increasing glucagon and hepatic
cyclic AMP, despite increasing portal insulin concentration. The stimulation was not
related to the insulin : glucagon ratio, therefore, stress and injury over-ride normal
control mechanisms (Rose & Heath, 1986).
Regulatory elements that control transcription of the PEPCK gene have been
delineated, and many of the transcription factors that bind to these elements have been
identified. The transcription factor CAAT/enhancer binding protein (C/EBP) is the key
factor which regulates PEPCK gene expression (Hanson & Reshef, 1997). A recent
study has shown that C/EBP knockout (C/EBP"') mice have a fasting hypoglycemia with
no changes in plasma insulin. Glucagon infusion stimulated hepatic glucose production
in wild type mice but not in (C/EBP-7') mice (Liu et al., 1999).
Liver lipids are stored in the form of triglycerides and fatty acids. A simplified
diagram of liver lipid metabolism is shown in Figure 2.2. Lipids in liver can be: (1) reesterified to triglycerides and stored, or transported to adipocytes as VLDL particles.
(2) used as a precursor for gluconeogenesis. (3) oxidized in the liver as an energy supply:
P-oxidation. The balance between degradation and synthesis is adjusted according to the
energy needs o f cells and of the organism as a whole. It is dependent on the metabolism
of carbohydrates, fat, and fat content in diet. Insulin promotes lipid storage by inhibiting
HSL, whereas glucagon, catecholamines and ACTH stimulate lipid degradation by
activating HSL. All these positive stimulators work though cAMP mediated kinase
phosphorylation.
In summary, liver glucose and lipid metabolism play a key role in whole body
glucose and fatty acid homeostasis. It acts as a buffer system, which can take up extra
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circulating glucose and lipid for storage under feeding conditions. It can also release
these nutrients into the circulation for use by other tissues under fasting conditions.
Insulin stimulates nutrient storage and glucagon activates the process which moves the
nutrients out. The net result depends on the balance of these two hormones. Stress
hormones have the same effects as glucagon and, more over, they can over-ride the
effects o f insulin. Therefore stress can change peripheral tissue nutrient supply by
changing liver nutrient metabolism. The mechanisms involved in these changes are
multiple. Stress activation of the sympathetic nervous system obviously is the first
candidate. Catecholamine released from sympathetic activation can stimulate hepatic
glucose production. Stress also stimulates cytokine secretion, and consequently, hepatic
triglycerides secretion is increased by TNF-a, H- 6 and EL-1 (Feingold et al., 1992,
Nonogaki et al., 1995).
In addition to controlling tissue nutrient supply, the storage o f nutrients in the
liver can directly affect food intake though the vagal nerve (Novin et al., 1985). A
greater decrease in voluntary food intake was observed following an intraportal infusion
o f glucose compared with an intrajugular infusion of glucose (Tordoflf & Friedman,
1988; Tordofife/ al., 1989). Abdominal vagotomy abolished this effect (Rusby et al.,
1987). It has also been shown that inhibition of fatty acid oxidation increases food
intake by depolarization of the liver cell membrane. This depolarization causes an
increase in cell firing rate and, consequently, an increased rate o f discharge of vagal
aflferents in the central nervous system (Niijima, 1983; Rossi et al., 1995). Therefore, it
has been suggested that when glucose and fatty acid are oxidized in liver, the cell
membrane hyperpolarizes, causing a corresponding decrease in the firing rate of vagal
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Figure 2.2 Diagrammatic representation of lipid storage and breakdown in liver.
HSL: hormone sensitive lipase.
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afferent nerves, inhibiting imput signals to the brain. This cascade results in a decrease
in voluntary food intake.
To conclude, liver glucose and fatty acid metabolism and storage greatly
influence the whole body homeostasis. Regulation of nutrient turnover in the liver
influences food intake and body weight indirectly. This regulation can also directly affect
food intake by changing vagal afferent activity in the brain.
ADRENERGIC RECEPTORS AND THEIR RELATIONSHIP WITH METABOLISM
From the previous section of this review, it can be concluded that most of the
metabolic responses to stress are mediated by sympathetic nerve activity. Stress
activates the sympathetic nervous system and releases catecholamines, which can cause
insulin resistance in muscle, increase hepatic glucose production, and increase adipocyte
lipolysis. However, these responses are not only dependent on the concentration of
catecholamines, but are also dependent on the specific subtype o f receptor that is
activated. Therefore, catecholamine receptor number and ligand affinity can also play an
important role in determining the metabolic response to stress. There are two major
subtypes of catecholamine receptors: a and P adrenergic receptors (AR). Each type of
receptor can be further subtyped into oti, 0 C2 and Pi, P2 , P3 ARs. All o f these receptors
belong to a class of seven trasmembrane domain receptors which require G proteins and
cAMP for post-receptor signaling (Henriksen et al., 1998). The relationship of these
receptors and their major second messengers are shown in Figure 2.3.
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Adrenergic receptors

Gs: cAMP increase

Gi: cAMP decre;

Figure 2.3 The adrenergic receptors and the second messenger system normally
associated with the intracellular action of the receptors.

When the sympathetic system is stimulated, all types of adrenergic receptors are
activated. However, the tissue distribution of receptors and their response to stimulation
are different. In adipose tissue, agonists of P adrenergic receptor stimulate adenylyl
cyclase and increase cAMP production. Then, HSL is activated and LPL is inhibited.
This cascade results in an increasing lipolysis in adipocytes. In addition to direct effects
on lipolytic enzymes, agonists o f 3 -adrenergic receptors also inhibit glucose transport
into fat cells, either by directly inhibiting glucose uptake processes or by indirectly
impairing insulin receptor function (Lafontan et al., 1997). p 3 adrenergic receptor
mediated events play a major role in the adrenergic inhibition of glucose transport, while
pi/p 2 adreneric receptors make a minor contribution (Carpene et al., 1993). Thus, it can
be concluded that P-adrenergic receptor activition can increase lipolysis and decrease
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lipogenesis. Mutation or knockout of p 3 adrenergic receptors in mice results in defective
lipolysis and thermogenesis and contributes to obesity (Clement et al., 1995; Walston et
al., 1995; Widen et al., 1995).
In addition to 3-adrenergic receptors, which mediate lipolysis, a-adrenergic
receptors are also present in adipocytes and have a high affinity for epinephrine. Agonist
binding to a-adrenergic receptors decreases cAMP levels and inhibits lipolysis.
Therefore, a-adrenergic receptors are thought to exert a permanent and tonic inhibition
o f lipolysis and are responsible for catecholamine mediated “basal lipolysis” (Amer et al.,
1990; Lafontan et al., 1997). Amer has reported that catecholamine induced lipolysis is
due to increased activity of 3 3 -adrenergic receptors, decreased activity of a 2 -adrenergic
receptors and a result of cAMP stimulated lypolysis (Amer, 1999). Therefore,
adrenergic regulation of the fat cell depends on the balance o f activity o f both a and

3

adrenergic receptors.
In liver, a and 3 adrenergic receptors mediate hepatic glycogenolysis and
gluconeogenesis. In contrast to fat, in which these two receptors mediate opposite
effects, both receptors stimulate the same effect in liver. The activation of both a and 3
receptors increases hepatic glucose production by regulating hepatic glycogenolysis and
gluconeogenesis. But the two receptors act through different singling pathways. The a response is cAMP-independent and the 3-response is cAMP-dependent. Gender, age and
species determine the balance between these two receptors and subsequently, metabolic
responses to adrenergic receptor activation (Katz, Dax & Gregerman, 1993; Lafontan et
al., 1995). Katz reported that, in young animals, glycogenolysis is regulated by 3
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adrenergic receptors, but as animals reach adulthood they gradually switch to a
adrenergic receptor regulation and later, at senescence, switch back to P-adrenergic
receptor regulation (Katz et al., 1993).
Many other factors also modify adrenergic receptor activity. Thyroid hormones
down regulate P-adrenergic receptor number and activity (Gueliaen et al., 1982).
Corticosterone increases P-adrenergic receptor number (Cornett et al., 1998; Mak et al.,
1995) and TNF-a decreases Piand p2-adrenergic receptor gene expression and increases
P3 gene expression in adipocytes. Therefore, in addition to sympathetic activation,
hormones and genetic factors can contribute to receptor regulation. All these factors act
together to determine the whole body response to stress and stress-induced metabolic
responses.
SUMMARY
Stress has multiple effects on body homeostasis. These effects may be
represented by changes in body weight, body composition, and food intake in stressed
individuals. The immediate effects of stress are HPA axis activation and, thereafter, a
complex nueroendocrine modulation. This modulation is apparent at the pre-receptor
level (stimultor), receptor level, and post receptor levels (signaling pathways). These
acute responses can have prolonged effects, establishing a new homeostatic point even
when stress is terminated. Stress adaptation is then defined as the body’s adaptation to
the new homeostasis.
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CHAPTER THREE
THE WHOLE BODY RESPONSE TO REPEATED RESTRAINT STRESS
INTRODUCTION
Stress affects many body systems including central and peripheral nervous
systems, cardiovascular and renal systems, endocrine and immune systems. The
alterations in these systems can be acute or chronic and, most commonly, there is a
complex interaction of all systems. One result of these interactions is a reduction o f food
intake and loss of body weight in rats exposed to stress (Marti et al., 1994; Rybkin et al.,
1997). A large number o f studies have been done to address the mechanism of stress
related suppression of food intake and body weight loss. However, most of these studies
are related to hypothalamic corticotropin-releasing factor (CRF), or other
neurotransmitters such as serotonin, which are directly associated with stress and food
intake regulation during the stress period. Less information is available concerning the
recovery period of stress. It has been reported that repeated restraint stress causes a
temporary suppression of food intake, sustained body weight loss, and body composition
changes in rats during the recovery period of stress (Harris et al., 1998b). These
changes were not associated with sustained activation of the hypothalamic-pituitary adrenal (HPA) axis, as serum corticosterone was not elevated during the post stress
period (Harris et al., 1998b). Also, restraint rats had normal levels of neurotransmitters,
including serotonin, implying that their central nervous system was not likely to be
responsible for the sustained, post stress suppression of food intake. The orexigenic
protein neuropeptide Y (NPY), which can be inhibited by CRF release, (Heinrichs et al.,
1992; Heinrichs et al., 1993) was also normal in restraint rats after stress was terminated
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(Rybkin et al., 1997). Therefore, the objective o f the project reported here is to
investigate factors, other than central mechanisms, which might contribute to the post
stress effects on food intake and body weight regulation.
Body weight and food intake regulation involve many factors. Serotonin, CRF,
and a related neuropeptide, urocortin, are all stimulated by stress and have been reported
to inhibit food intake (Krahn et al., 1986; Smagin et al., 1998; Spina et al., 1996). In
addition to these central mechanisms, the balance between corticosterone and insulin is
also a primary determinant of food intake (Dallman et al., 1995). These two hormones
essentially function as catabolic or anabolic factors to regulate nutrient partitioning in the
whole body.
The weight loss in response to stress during the post stress period can be viewed
as mobilization o f body and liver energy stores such as fat, protein, liver glycogen and
liver lipid. A change in body composition is an indicator of change in whole body
nutrient partitioning, and liver composition is an indicator of liver energy storage. The
glucose tolerance test is another method of evaluating the whole body insulin sensitivity
and glucose clearance to peripheral tissue during a glucose challenge. Changes in tissue
insulin sensitivity will influence energy storage in that tissue. Therefore, the reduced
body weight and food intake in repeated restraint rats could also be associated with the
changes in whole body nutrient partition, insulin sensitivity or glucose clearance.
In the present study, we investigated whether repeated restraint stress changes
whole body nutrient partitioning during the post stress period. To test this hypothesis,
we measured body and liver compositions, and serum hormones on both Day One and
Day Five after repeated restraint stress was terminated. We also measured restraint rats
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response to a glucose tolerance test on Day One after the last restraint stress. In order
to confirm our previous result that there is not a sustained activation o f the HPA axis
(Rybkin et al., 1997), we also measured the NPY protein content in the hypothalamic
paraventricular nucleus (PVN) and urocortin mRNA expression in midbrain.
These measurements were performed in four individual experiments. The
following sections describe materials and methods, and discuss the results for all four
experiments.
MATERIALS AND METHODS
Animals
Adult (12 week old) male Sprague-Dawley rats, weighing 350g, were obtained
from Harlan Sprague Dawley (Houston, TX) and housed in individual wire mesh cages
in a humidity and temperature controlled room (22+2°C, 65-67% humidity) on a 12:12h
light: dark cycle with lights on at 07:00. Body weights and food intakes were recorded
daily in each o f the four experiments, described in detail below. All food intakes,
including those of pair-fed rats, were corrected for spillage. At the end of each
experiment, the rats were decapitated and serum was collected for analysis. All animal
protocols were approved by the Pennington Biomedical Research Center Institutional
Animal Use and Care Committee.
For the repeated restraint stress protocol, rats were placed in perspex restraining
tubes (Plas Labs, Lansing, MI) for 3 hours in the morning for 3 consecutive days. The
control and pair fed rats were moved to the same room as the restrained rats and did not
have access to food or water for the period of restraint. Pair fed rats had diet and water
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ad libitum before stressed rats were restrained, but were pair fed to restrained rats from
the first day of restraint until the end of the experiment.
Statistical Analysis
Repeated measurements of variance was used for body weights, food intakes,
glucose tolerance test, with day or time as the repeated measure. The rest of the data
was analyzed by analysis o f variance (ANOVA) with post-hoc Duncan’s multiple range
test. The SAS system version 6 .12 was used for computations. Data are presented as
means ± SEM.
Experiment 3.1.
The effect of repeated restraint stress on oral glucose
tolerance, measured one day after the last restraint in rats fed low- or high- fat
diet.
This experiment investigated post-stress effects on whole body glucose clearance
using an oral glucose tolerance test (OGTT) in rats fed either low-fat or high-fat diet,
one day after the last restraint in the protocol. Diet composition is indicated in Table
3.1. The low-fat diet contained 10% kcal fat, 3.66 kcal/g energy and the high-fat diet
contained 40% kcal fat, 5.00 kcal/g energy.
Thirty six rats were maintained on low-fat diet and tap water, ad libitum, for

6

days and then divided into two groups: one group remained on low-fat diet for another 7
days and the other was fed high-fat diet for the same period. Both dietary treatments
were further divided into two weight matched groups: high-fat control (HFC), low-fat
control (LFC), high-fat restraint (HFRS), and low-fat restraint (LFRS).
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Table 3.1.

Diet Composition (g/10 Kg)

Ingredients

Low Fat

High Fat

Casein

1464

2 0 0 0

AIN 76 Vitamin Mixture

1 0 0

100

AIN 76 Mineral Mixture

350

350

DL-methionine

40

40

Alphacel

400

400

Com oil

262.5

1313

Coconut oil

187.5

937

Starch

3603

2435

Sucrose

3603

2435

Dietary energy * kcal/g

3.66

5.00

% kcal fat

10

40

% kcal protein

16

16

All dietary ingredients were obtained from ICN Biochemical Inc. *Dietary energy
calculated from diet composition

One day after the end o f repeated restraint, all rats were food deprived for five
hours and a small amount o f blood (3 00-400jj.1) was taken by tail bleeding. Immediately
after the first tail bleeding, each rat was gavaged with glucose solution (2.5g/Kg body
weight). Additional blood samples were collected 15, 30, 45, and 60 minutes after
glucose administration and analyzed for serum insulin (Rat Insulin RIA kit, Linco
Research Inc. St. Louis, MO) and glucose (Sigma Diagnostic Kit 510. Sigma Chemical
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Co., St. Louis, MO). Daily measurements of food intake and body weight were ended
five days after the last restraint.
Experiment 3.2.
The effects of repeated restraint stress on liver and body
composition measured five days after the last restraint in rats fed high-fat diet.
This experiment determined the post-stress effects o f repeated restraint on
glucose tolerance, liver lipid and glycogen content, and body composition of rats fed a
high-fat diet. An OGTT was performed one day after the last repeated restraint to
confirm the results in experiment 3.1. All the other measurements were performed five
days after the last repeated restraint. Pair-fed rats were included in this and following
experiments. As the results o f experiment 3.1 indicated that the effects of stress on body
weight, energy intake and insulin sensitivity were exaggerated in rats fed a high fat diet,
this diet was used in all subsequent experiments.
Twenty four rats were fed with a high-fat diet (see Table 3.1) for seven days and
then divided into three weight matched groups: repeated restraint, pair fed, and control.
One day after the last restraint, an OGTT was performed, as described above. The rats
were sacrificed five days after the last restraint stress, four days after the OGTT. Blood
was collected for measurement o f serum insulin, glucose, corticosterone (Corticosterone
RIA: ICN Pharmaceuticals Inc., Costa Mesa, CA), leptin (Rat Leptin RIA kit, Linco Inc.
St. Louis, MO), non-esterified fatty acids (Wako NEFAC kit. Wako Chemicals GmbH,
Germany), and triglycerides (Sigma Triglyceride Kit. Sigma Chemical Co., St. Louis,
MO). Livers were frozen for determination of lipid and glycogen content and carcasses
were analyzed for body composition.
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Body composition determination
The carcass, without gut content, was weighed and autoclaved in sealed
containers. An amount o f water equal to carcass weight was added to the carcass and
the carcass was homogenized. Six to eight ml o f homogenate was added to each of
three tubes and three crucibles. The homogenate weight in each tube and crucible was
recorded. To determine the percentage of water and ash, the crucibles were dried in an
oven at 70°C for four days and weighed again. Ash was determined by placing the dried
crucibles in a furnace at 500°C overnight and then weighing the remaining ash.
For determination of percentage of body fat, 10ml methanol and 5 ml chloroform
were added to each tube with homogenate. The tubes were then vortexed and placed on
ice for one hour. 5 ml o f chloroform and 5 ml o f 1.0 M KC1 were added to each tube
and the tubes were placed on ice for another 20 minutes. The content in the tube was
separated into three layers by centrifugation at 4°C, 3000 rpm for 20 minutes. The top
layer of liquid was aspirated, the middle layer pellet was gently tipped, and the lower
layer of chloroform was poured into a pre-weighed pan. The chloroform in the pan was
air dried overnight. All pans were dried again at 70°C for 20 minutes and then weighed.
The percentage fat, water, ash, and protein in the carcass was calculated as
follows:
% Fat = 200x[(Pan + lipid) - (Empty pan) ]/ [ ( Full tube - Empty tube)]
% Water = 100 - 100x{[2x(Full dry crucible - Empty crucible)] / [(Full crucible
- Empty crucible)]}
% Ash = 200x[(ashed crucible - Empty crucible)] / [(Full crucible - Empty
crucible)]
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% Protein = 100 - (% Fat + % Water + % Ash)
Grams o f body fat, water, ash, and protein were calculated using carcass weight.
Lean body mass was calculated as carcass water content plus carcass protein content.
Liver lipid determination
A small, weighed piece of liver (about 3-4 gram) was put into a tube and

8

ml

water was added. The liver was homogenized by polytron and fat determined using the
procedure described for measuring percent carcass fat. The liver lipid content was
calculated as follows.
Lipid (g/g liver) = (Full pan - Empty pan) / Liver (g)
Liver glycogen determination
A small weighed piece of liver (30 - 50mg) was put in a 3 ml test tube and 0.5 ml
30% KOH saturated with Na2 SO* was added to the tube. All samples were placed in
boiling water for 20-30 minutes until the liver in the tube was fully digested. 0.6ml 95%
ethanol was added to each tube after the tube was cooled. The liquid in the tube was
mixed by vortex and placed on ice for 30 minutes. The samples were centrifuged at 810
G for 20 - 30 minutes and supernatant was immediately aspirated off. The pellet was
dissolved in 3ml distilled water and glucose extracted from glycogen was analyzed by
Sigma Kit (Sigma Diagnostic Kit 510 ).
Experiment 3.3
The effects of repeated restraint stress on body and liver
composition, measured one day after the end of stress in rats fed high-fat diet.
This experiment measured serum hormones, body and liver composition from
control, restraint and pair-fed rats one day after the last repeated restraint stress. Thirty
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rats were fed the high-fat diet for 11 days and then divided into three weight matched
groups: repeated restraint stress, pair fed, and control groups.
One day after the last restraint stress, all rats were sacrificed by decapitation in
the morning. Blood was collected for measurement of serum insulin, glucose,
corticosterone, leptin, non-esterified fatty acid, and triglycerides. Livers were frozen for
determination of liver composition and carcasses were analyzed for body composition.
All methods used in this experiment were the same as those described for experiment 3 .2
except that all the samples were taken on Day One after last restraint stress.
Experiment 3.4
The effects of repeated restraint stress on PVN NPY protein
content and middle brain urocortin mRNA expression, measured one day after the
end of stress in rats fed high-fat diet.
This experiment measured hypothalamus PVN NPY protein content and middle
brain urocortin mRNA expression from control, restrained and pair-fed rats, one day
after the last repeated restraint stress. Twenty five rats were fed the high-fat diet for 10
days and then divided into three weight matched groups: repeated restraint stress, pair
fed, and control groups.
The experimental procedure was the same as for experiment 3.2 except that one
day after the last restraint stress, all rats were sacrificed by decapitation in the morning.
The brains were quickly removed and rinsed several times with saline. Hypothalamus and
middle brain were dissected within 4 minutes and then were snap frozen in liquid
nitrogen and stored at -80°C until further measurements were made.
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NPY radioimmunoassay from hypothalamus PVN punches
Microdissection of the PVN was performed using the procedure described by
Palkovits (Palkovits, 1988). Brain cuts o f 15 pm were made until the PVN level was
reached, and then a single section of ~300 pm was taken for punch. The dissection of
the PVN was performed bilaterally using a 690 pm needle (Stoelting, Chicago, IL).
Bilateral tissue samples were homogenized in 200 pi 0.2 N HC1. An aliquot was taken
for protein analysis by the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules,
CA) and the remainder of the homogenate was used for NPY measurement by
radioimmunoasay (Peninsula Laboratories, Belmont, CA). All samples were measured in
duplicate in a single assay. NPY concentrations were expressed as nanogram per
microgram o f protein.
Midbrain urocortin mRNA protection assay
Total RNA was isolated from midbrain using Trizol Reagent (Life Technologies,
Gaithersbury, MD) following the manufacturer’s protocol. The template DNA was
made from RT-PCR using urocortin specific primers (Forward primer- 5’GGCGAATGTGGTCCAGGA, reverse primer: 5’-TGATGCGGTTCTTCTGCTGTGC;
PCR condition: 94°C for 5 min; 94°C, 60°C, 72°C each for 1 min for 40 cycles). The
probe was made from this template DNA using an In Vitro Transcription Kit (Arnbion
Ins., Austin, TX). The RNase protection assay (RPA) was carried out using an RPA II
kit (Ambion Ins., Austin, TX). Rat 0-actin (Ambion, Inc., Austin Texas) was used as an
internal control. Full-length probes were gel purified and hybridized with 6 pg total
sample RNA overnight at 45 °C. Following hybridization, reaction mixtures were
digested for 30 minutes with RNase A /T l. The reaction was stopped by inactivation
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buffer. Protected fragments were precipitated and separated on a denaturing 5%
polyacrylamide, 8 M urea gel. The dried gel was exposed to a phosphorimaging screen
for 48 hours and imaged by phosphorimaging (Molecular Dynamics, Sunnyvale, CA.)
RESULTS
Experiment 3.1
Since the energy contents of low and high fat diets were different, the food intake
data and calculated dietary energy content were used to determine energy intakes o f the
rats. As shown in Figure 3.1, rats fed a high-fat diet gained more weight and consumed
more energy than those fed a low-fat diet. Repeated restraint caused significant
reductions in body weight and energy intake of both low- and high-fat fed rats during the
stress and post-stress periods.
OGTT results, shown in Figure 3.2, indicated no significant effect of either stress
or diet on serum glucose at any time point. Restraint stress reduced the amount of
insulin required to clear glucose in both high- (P<0.01) and low-fat (P=0.05) fed rats.
Experiment 3.2
As shown in Figure 3.3, there were significant effects of treatment (P<0.05), day
(P<0.01) and a treatment x day interaction (P<0.01) on both body weight and food
intake. Body weight was significantly reduced in both restrained and pair fed rats
compared with controls. Food intake was significantly lower in restrained and pair-fed
rats than controls from the second day of restraint and had not returned to control levels
by the end of the experiment. There was no significant difference in body weight or food
intake of restrained and pair fed animals.
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Figure 3.1 Body weight ( Panel A)and energy intake (Panel B) of rats fed low- or highfat diet in experiment 3.1. Restraint stress significantly reduced body weight and energy
intake in both low- and high-fat fed rats.
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Figure 3.2 The results o f oral glucose tolerance test for rats fed low- or high- fat diet in
experiment 3.1. Data are means + SEM for nine rats. Panel A shows the serum insulin
levels. There was a significant difference between control and restraint groups on both
low-fat (P=0.05) and high-fat (P<0.01) diets. High-fat fed control rats also had a
significantly higher serum insulin level than low-fat fed controls (P<0.05). There was no
significant difference in serum insulin levels for the restrained rats on different diets.
Panel B shows the serum glucose level. There was no significant difference in serum
glucose concentrations o f any group.
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Figure 3.3 Daily body weights (A) and food intakes (B) of control, pair fed, and
restrained rats in experiment 3.2. Data are means ± SEM for groups o f 8 rats. There
were significant effects of treatment (P<0.05) and day (P<0.01) on both the body weight
and food intake. Body weight was significantly lower in restrained and pair fed rats than
controls. Food intake was significantly lower in restrained and pair fed rats than
controls. An asterisk indicates a significant difference in body weight or food intake of
restraint and pair fed rats, compared with control rats (P<0.05). There were no
differences in either body weights or food intakes o f the restrained and pair fed rats.
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The results o f the OGTT are shown in Figure 3.4 and are similar to those in
Experiment 3.1. There were no significant differences in blood glucose concentrations
among the three groups. Insulin was significantly lower in restraint and pair fed groups
compared with the control group (P<0.05) following glucose administration, although
they were not different prior to the OGTT. The results from serum assays on day five
after the end of restraint are summarized in Table 3.2. All three groups of rats had
similar serum glucose concentrations, however, insulin and leptin were significant lower
in restrained and pair fed animals than controls (PO .O l). Pair fed rats also had
significantly lower levels of non-esterified fatty acids (P<0.02) and triglycerides (P<0.01)
than either restrained or control animals. There were no significant differences in
corticosterone concentrations.
Carcass and liver composition are shown in Table 3.3. Carcass weights of
restrained and pair fed groups were significantly lower than those of the control group
(PO.Ol), but there was no difference between pair fed and restrained groups. Body fat
content, calculated either as grams or as a percentage o f carcass weight, was significantly
different among the groups (PO.Ol), with controls having the highest and pair-fed rats
having the lowest fat content. Carcass protein and water content in pair fed and restraint
groups, tended to be reduced compared with controls but differences did not reach
statistical significance (P=0.067). Lean body mass (protein plus water) was statistically
different among the three groups (P=0.05) with control rats having significantly more
lean tissue than pair fed rats. Liver weight was significantly reduced in pair fed and
restrained rats compared with controls (PO.Ol). Liver lipid was the same in pair fed
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Figure 3.4. The results of oral glucose tolerance test in experiment 3.2. Data are means
+ SEM for groups of 8 rats. Panel A shows the serum insulin levels. The restrained and
pair fed groups had significantly lower levels of serum insulin compared with the control
group (P<0.05). Panel B shows the blood glucose concentration. There was no
significant difference in blood glucose among the three groups.
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and restrained groups but lower than control rats (PO .Ol) and liver glycogen was the
same in restrained and control rats but was reduced in the pair fed group (PO.Ol).

Table 3.2. Serum assay results from experiment 3.2, measured five days after the end of
repeated restraint stress______________________________________________________
Pair fed
Serum measurements
Control
Restrained
Insulin (ng/ml)

2.26 ± 0.24 A

0.79± 0.14 B

1.15+ 0.19 B

Glucose (mg/dl)

118+4

125 ± 5

117 + 3

Corticosterone (ng/ml)

44 ± 8

81 + 17

42 ± 18

Leptin (ng/ml)

12.1+1.5 A

3.1 + 0.4 B

5.6+ 0.4 B

Non-esterified fatty acid (mEq/L)

1.08+ 0.12 A

0.62 ± 0.03 B

1.04+ 0.14 A

Glycerol (mg/ml)

18.3 + 2.7 A

7.8 + 0 .8 B

18.8 + 2.8 A

Triglyceride (mg/dl)

104 ± 8 A

33 ± 6 B

100± 15 A

Data are means + SEM for groups of 8 rats. Statistical significance was
determined by analysis of variance. Differences between observations were determined
by post hoc calculation of Duncan’s multiple range test at P O .05. Values for a specific
parameter that do not share a common superscript arc significantly different. Serum
leptin and insulin levels in both restrained and pair fed rats were significantly lower than
control rats. Pair fed rats had significant lower serum non-esterified fatty acid, and
triglyceride compared with both control and restrained rats.

Experiment 3.3
Daily body weights and food intakes o f the different groups o f rats showed the
same pattern of response as in Experiment 3.2 (see Appendix 1). Body composition
results are summarized in Table 3.4. The carcass weight of pair fed and restrained rats
was reduced compared with controls but did not reach statistical significance. Body fat
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content was the same for all three groups of rats. Weight loss in pair fed and restrained
rats was accounted for by loss of lean body mass (P<0.05), especially water (P=0.02).

Table 3.3 Carcass and liver compositions of rats from experiment 3.2, measured five
days after the end o f repeated restraint stress._________________________________
Pair fed
Control
Restrained
Measurements
392 ± 7 A

364 ± 6 B

373 ± 3 B

50 + 2 A

36± 2 c

42 + 2 B

Fat (% of carcass)

12.6 ± 0.4 a

9.7 ± 0.4 c

11.3 ± 0 .5 b

Protein (g/rat)

86 ± 1

81 ± 2

80 ± 2

Protein (% of carcass)

21.9 ± 0.3

22.3 ± 0.2

21.5 ± 0.4

Water (g/rat)

243 ± 4

232 ± 3

236 ± 2

Water (% of carcass)

61.9 ± 0.3 A

63.8 ± 0.3 B

63.6 ± 0.4s

Lean body mass (g/rat)

329 ± 5 A

313 ± 5 B

316 ± 4 aB

Liver (g/rat)

14.2+0.4 A

10.3 ± 0 .5 c

12.8+ 0.3 B

Lipid (mgliver)

718 + 26 A

543 ± 40 B

603 ± 22 B

Glycogen (mg/liver)

822+ 147 A

120+23 B

700+22 A

Carcass weight (g/rat)
Fat (g/rat)

Data are means ± SEM for groups of 8 rats. Statistical significance was
determined by analysis of variance. Differences between observations were determined
by post hoc calculation o f Duncan multiple range test at P<0.05. Values for a specific
parameter that do not share a common superscript are significantly different. Both
restrained and pair fed rats had significant lower carcass weight and liver weight than
control rats. Body fat content, calculated either as grams or as a percentage o f carcass
weight, was different for all three groups. Control rats had the highest and pair fed rats
had the lowest body fat content. Pair fed rats had a significantly lower lean body mass
than controls. Lean body mass of restrained rats was not significantly different from
either control or pair fed rats. Liver lipid content in both pair fed and restrained rats was
significant lower than that of controls. Liver glycogen was lower in pair fed rats
compared with control and restrained rats.
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Table 3.4. Carcass and liver composition of rats from experiment 3.3, measured one day
after the end of repeated restraint stress._______________________________________
Restrained
Control
Pair fed
Measurements
Carcass weight (g/rat)

383 ± 8

371 ± 6

368 ± 7

Fat (g/rat)

40 ± 4

41 ± 2

40 ± 2

Fat ( % of carcass)

8.8 ± 0 .8

9.3 ± 0.4

9.1 ±0.3

Protein (g/rat)

97 ± 7

87 ± 2

90 ± 3

Protein (% of carcass)

23.8 ± 1.0

23.0 ±0.3

24.2 ± 0.4

Water (g/rat)

244 ± 3 A

238 ± 3 AB

233 ± 4 b

Water (% of carcass)

62.9 ± 0.8

63.1 ± 0.6

62.4 ±0.4

Lean body mass (g/rat)

341± 1 0 A

324 ± 4 B

323 ± 6 B

Liver (g/rat)

12.3 ± 0.4 A

11.0± 0.2 B

11 .2 ± 0.3 B

Lipid (mg/liver)

289 ± 19

274 ± 14

271 ± 17

Glycogen (mg/liver)

712 ± 165

362 ±115

450 ± 87

Data are means ± SEM for groups of 10 rats. Statistical significance was
determined by analysis of variances. Differences between observations were determined
by post hoc calculation o f Duncan at P<0.05. Values for a specific parameter that do not
share a common superscript are significantly different. Both restrained and pair fed rats
had a lower body weight and liver weight than controls, but only liver weight reached
statistical significance. There was no difference in body fat content among the three
groups, calculated either as grams or as a percentage of carcass weight. Lean body mass
was significantly lower in both restrained and pair fed rats than controls

The results from serum assays on Day One after the end of restraint are
summarized in Table 3.5. There were no differences between control and restrained rats
for any of the serum hormones that were measured. Pair fed rats had significantly lower
levels of serum insulin and triglyceride than control and restrained rats.
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Table 3.5 Serum assay results from experiment 3.3, measured one day after the end o f
repeated restraint stress_____________________________________________________
Pair fed
Restrained
Semm measurements
Control
Insulin (ng/ml)

1.40 ±0.14 A

0.98 ±0.14 B

1.62 ±0.10 A

Glucose (mg/dl)

118 ± 3

114 ± 5

112 ± 3

Corticosterone (ng/ml)

33 ± 9

39 ± 8

28 ± 5

Leptin (ng/ml)

6.1 ±0.89

3.6 ±0.43

5.6 ±0.97

Non-esterified fatty acid (mEq/L)

0.75 ±0.06

0.65 ±0.04

0.68 ±0.06

Glyceral (mg/ml)

14.0 ± 1.5 ***

11.4 ± 1.4 B

17.4 ± 1.5 A

Triglyceride (mg/dl)

67 ± 9 A

42 ± 6 B

68 ± 5 A

Data are means ± SEM for groups of 10 rats. Statistical significance was
determined by analysis o f variances. Differences between observations were determined
by post hoc calculation o f Duncan multiple range test at P<0.05. Values for a specific
parameter that do not share a common superscript are significantly different. Pair fed
rats had a significantly lower serum insulin and triglyceride than both control and
restrained rats. There was no difference between control and restrained rats for any
measurement.

Experiment 3.4.
NPY protein content in the PVN is shown in Figure 3.5. There was no
significant difference among the three groups in NPY protein content measured by tissue
microdissection and RIA.
Urocortin mRNA expression in the midbrain is presented in Figure 3.6. Pair fed
rats had a significantly higher urocortin mRNA expression than control rats (P<0.05)
while urocortin mRNA expression in restrained rats was not significantly different from
either control or pair fed groups.
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Figure 3.5. NPY protein in hypothalamic PVN measured by tissue microdissection and
RIA in experiment 3.4 Data are mean + SEM for groups of 7 rats. There was no
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Figure 3 .6. Midbrain urocortin mRNA expression measured by mRNA protection
assay in experiment 3.4. Data are mean + SEM for groups o f 8 rats. Pair fed rats had a
significantly higher urocortin mRNA than controls, as indicated by different letters
(P<0.05)
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DISCUSSION
Stress has both acute and prolonged effects on the body systems. Acute
responses to stress include increased corticorsterone and body temperature, and
increased release brain monoamines. However, for the repeated restraint stress model
used in these four experiments, all of these acute responses to stress had returned to a
normal level one day after the last restraint stress (Harris et al., 1998b; Rybkin et al.,
1997). The objective of this series o f experiments was to determine the whole body
response to repeated restraint stress during the post stress period. We chose one day
and five days after the termination of the last restraint stress to make the measurements,
because all o f the acute responses to stress have been reversed (Harris et al., 1998b;
Rybkin et al., 1997). In addition, since high fat diet exaggerated the effects of repeated
restraint stress on food intake and body weight, based on results we have previously
reported (Harris et al., 1998b) and observed in experiment 3.1, all of the animals used in
experiments subsequent to 3.1, were fed a high-fat diet.
All rats exposed to repeated restraint stress lost body weight and decreased food
intake or energy intake in experiments described here, consistent with our previous
studies (Harris et al., 1998b; Rybkin et al., 1997). Inclusion o f pair-fed rats allowed us
to determine which changes in restrained rats were secondary to their reduced food
intake and which were specific to restraint stress.
Body composition, measured one day after the last restraint, indicated a similar
body fat content in all three groups o f rats, even though the restrained and pair fed rats
had a reduced body weight. In contrast, restrained and pair fed rats had significantly
lower lean body mass than controls. Our results imply that loss o f lean tissue is
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secondary to a reduced food intake, rather than a specific effect of restraint stress.
However, food deprivation is a physiological stress which may have caused the specific
loss of lean tissue in pair-fed rats. It is unclear what caused rats to maintain body fat
despite a loss o f lean body mass and body weight. One possible explanation is that stress
activates the hypothalamic-pituitary-adrenal system and causes a transient release o f the
catabolic hormone corticosterone, which inhibits growth hormone, and as a
consequence, the stressed animals lose lean tissue (Armario, 1993; Marti et al., 1996).
Also, it has been reported that animals on a high fat diet maintain their body fat content,
even under food deprivation conditions due to their energy intake as fat being higher
than that of the other nutrients in the diet (Borne et al., 1996). Thus, protection o f body
fat in restrained and pair fed rats may result from the high fat diet rather than a stress
effect. Five days after the termination of repeated restraint stress, body composition
measurements showed that restrained and pair fed rats had lost both lean and fat tissue.
This implied that, in days immediately following restraint, there might be shifts in the
metabolism to redistribute energy and restore the normal proportions of lean and fat
tissue. Five days after the end of restraint, the pair fed and restrained rats had the same
proportional body compositions as controls, but were smaller rats.
Measurements o f liver composition indicated that liver weight, like carcass
weight, was reduced in restraint and pair fed rats one day after the last restraint. Liver
lipid and glycogen content were no different one day after the last restraint, but, five days
after the last restraint, liver lipid was lower in both restraint and pair fed rats than
controls, but glycogen was reduced only in pair fed rats. The changes in liver and body
composition can be interpreted as restrained and pair fed rats responding differently to
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reduced food intake during the recovery period. Restrained rats likely switch to using
lipid as their main energy supply, and reducing body fat content but maintaining liver
glycogen, where as pair fed rats used both lipid and glycogen for energy. However,
another explanation for the lower liver glycogen is that pair fed rats eat their food as a
meal early in the day and liver glycogen will be depleted in hungry rats, whereas the
other rats eat ad libitum throughout the night.
The glucose tolerance test results in experiment 3.1 and 3.2 are repeatable and
similar to those o f other investigators (Moan et al., 1995; Touma el al., 1996). Both
restraint and food restriction increased insulin sensitivity. The improved insulin
sensitivity in restrained rats seems contradictory to the stress associated activation of
sympathetic outflow which impairs insulin sensitivity (Keltikangas-Jarvinen et al., 1998;
Raikkonen et al., 1996). However, other stress-induced hormones may play a role in the
metabolic responses of rats exposed to repeated restraint. Corticosterone’s catabolic
effect can cause insulin resistance (Paquot et al., 1995), but Ottenweller and colleagues
reported that repeated stress changed the rhythmic pattern o f corticosterone release,
advancing the phase of corticosterone release (Ottenweller, Servatius & Natelson, 1994).
This change in the temporal pattern of hormone concentration may account for improved
insulin sensitivity in stressed rats if corticosterone levels were lower in these rats when
measurements were performed in the early afternoon, a time when corticosterone would
be rising in controls with a normal release pattern.
An alternative explanation for improved insulin sensitivity in restrained rats is that
whole body glucose disposal represents glucose uptake by both insulin-dependent and independent mechanisms. The insulin-independent glucose uptake is unlikely to be
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regulated by hormones such as epinephrine, which are immediately stimulated by stress
(Baron, Wallace & Olefsky, 1987). However, blood glucose clearance depends on
hepatic glucose output and glucose metabolic clearance into peripheral tissue (Baron et
al., 1987; Molina et al., 1994). If glucose metabolic clearance exceeds hepatic glucose
output, insulin sensitivity could be improved in a glucose tolerance test as less insulin
would be required in response to a glucose challenge, due to non-insulin dependent
glucose uptake being increased in restrained rats.
The results from serum analysis in experiment 3.3 indicated that insulin and
triglyceride concentrations in pair fed rats were lower than in control or restrained rats.
There was no significant difference in serum leptin levels, supporting the observation that
body fat content was the same in all three groups of animals. The same serum analysis,
carried out five days after the end of repeated restraint stress, showed that restrained and
pair fed rats had lower serum insulin and leptin than control rats, but only pair fed rats
had lower free fatty acid and triglycerides levels. This result suggests that repeated
restraint stress increased lipid turnover after the stress was terminated, such that free
fatty acids and triglycerides in restrained rats were the same as in control rats but body
fat content was reduced. This may explain why body fat is protected during stress but
not during the post-stress period.
The same level of NPY protein content was measured in the hypothalamus PVN
in all three group rats one day after the last restraint, implying that the post stress affects
on food intake are not directly mediated by reducing NPY in the PVN. However, we
could not detect an increase in NPY in pair fed rats, therefore, there must be other
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factors which regulate their food intake. Alternatively, NPY turn over rate could be
increased in these rats.
Since urocortin is a stress related peptide (Vaughan, 1995), our urocortin mRNA
expression results indicate that pair fed rats were stressed, but the restrained rats were
not, as urocortin mRNA was increased in pair fed but not restrained rats compared with
controls. Also, the serum corticosterone levels in restrained rats were not different from
control rats. Therefore, the whole body changes in restraint rats during the post stress
period were not associated with a sustained elevation of acute response factors, such as
urocortin and corticosterone.
In conclusion, repeated restraint stress can cause a variety o f changes in whole
body nutrient partitioning, indicated by body and liver composition changes during the
post stress period, a different response to a glucose challenge, and a different serum
hormone pattern. These changes are not associated with acute responses to stress, such
as activation of the HPA axis. Therefore, alterations in peripheral nutrient utilization by
specific tissues, at least partially, account for the sustained weight loss and absence of
compensatory hyperphagia in restraint rats during the post stress period.
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CHAPTER FOUR
SKELETAL MUSCLE RESPONSE TO REPEATED RESTRAINT STRESS
INTRODUCTION
The results from experiments described in Chapter Three show that repeated
restraint stress causes a variety of changes in whole body nutrient partitioning. One of
these changes is that restrained and pair fed rats have lower serum insulin levels while
their serum glucose concentrations are the same during an oral glucose tolerance test.
This result can be interpreted as restrained and pair fed rats improving their insulin
sensitivity under glucose challenge conditions one day after the last restraint stress.
Alternatively, this result could be interpreted as restrained and pair fed rats having a
higher basal glucose clearance rate, so they need less serum insulin level to keep the
same serum glucose level as control rats. In either case, the whole body glucose uptake
in restraint and pair fed rats was increased in response to a glucose challenge one day
after the end of stress. However, it remains unclear which peripheral tissue
correspondingly increased glucose uptake during this post stress period
Skeletal muscle is one of the major glucose utilization organs in the body (Felber
& Golay, 1995). Glucose uptake in skeletal muscle is also insulin sensitive (Henriksen
et al., 1990) due to the presence of the insulin responsive glucose transporter, Glut-4.
Therefore, increases in insulin sensitivity or changes in whole body glucose clearance
rate could possibly result from alterations in skeletal muscle glucose uptake. The effects
of stress on muscle glucose metabolism have been extensively studied, but most of these
studies are focused on metabolism at the onset o f stress or during the stress period
(Ahlersova, Ahlers & Szalay, 1983; Kohno & Ohkubo, 1998). The acute effects of
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stress on skeletal muscle include a decrement in glucose uptake and development o f
insulin resistance associated with activation of the sympathetic nervous system and
norepinephrine release (Moan, Eide & Kjeldsen, 1996). However, muscle glucose
uptake, after stress is ended and sympathetic nerve activity has returned to normal, has
not been investigated. Here, we hypothesise that muscle has a rebound increase in
glucose uptake during the post stress period and that this might, at least partially, be
responsible for the increased whole body glucose clearance one day after stress is
terminated. Also, skeletal muscle glucose uptake is mainly regulated by Glut-4, which is
an insulin responsive glucose transport (Henriksen et al., 1990; Olefsky, 1999). Thus,
improved insulin sensitivity could also result from an increase in muscle glucose uptake
due to an increase in Glut-4 protein content. The objective of the study reported in this
chapter was to investigate the effects o f restraint stress on skeletal muscle glucose
uptake. The measurements included soleus muscle glucose transport activity and Glut-4
protein content.
Glycogen content in muscle is an indicator of glucose storage and serves as an
endogenous energy reserve. In skeletal muscle, glucose from glycogen stores is
consumed in situ, since glucose can not be release into the circulation (Felber & Golay,
1995; Mizock, 1995) As glucose uptake into muscle is reduced during stress conditions,
the muscle glycogen content could also be regulated by stress conditions (Apple et al.,
1995). When stress is ended and the glucose uptake into muscle is restored, the muscle
glucose is presumably used for rebuilding glycogen stores that were depleted during the
stress (Camici et al., 1991). Therefore, we also measured glycogen content in soleus
muscle to assess glucose storage one day after the end of repeated restraint stress.
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MATERIALS AND METHODS
Animals
Adult (12 week old) male, Sprague-Dawley rats, weighing 350g, were obtained
from Harlan Sprague Dawley (Houston, TX) and housed in individual wire mesh cages
in a humidity and temperature controlled room (22±2°C, 65-67% humidity) on a 12:12h
light: dark cycle with lights on at 07:00. All animals were fed with high fat diet (see
table 3.1 for diet composition). Body weights and food intakes were recorded daily. All
food intakes, including those o f pair-fed rats, were corrected for spillage. All animal
protocols were approved by the Pennington Biomedical Research Center Institutional
Animal Use and Care Committee. The repeated restraint stress protocol was the same as
described in Chapter Three.
Statistical Analysis
Repeated measurements of variance was used to analyse glucose transport results
with insulin concentration as the repeated measure. The rest of the data was analyzed by
analysis o f variance (ANOVA) with post-hoc Duncan’s multiple range test. The SAS
system version 6.12 was used for computations. Data are presented as means ± SEM.
Experiment 4.1.
The effects of repeated restraint stress on muscle glucose
uptake, measured one day after the end of restraint stress in rats.
This experiment measured glucose transport in soleus muscle from control,
restrained and pair-fed rats, one day after the last repeated restraint stress. Thirty rats
were fed the high-fat diet for eleven days and then divided into three weight matched
groups: repeated restraint stress, pair fed, and control groups.
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One day after the last restraint stress, all rats were food deprived for 4 -6 hours
and anaesthetized (Ketamine: 90 mg/kg body weight, Xylazine: 10 mg/kg body weight,
i.p.). Soleus muscle from each hind leg was taken immediately for muscle glucose
transport measurements.
Glucose Transport in Soleus Muscle
Two pieces (20—30mg) from each soleus muscle from each rat were cut from the
outer edges o f the muscle. All incubations were performed at 30°C with shaking and a
continuous supply o f gas (95% O2 / 5% CO 2 ). The four samples from each rat were
used for measurement of basal and insulin stimulated 2-deoxyglucose (2-DG) uptake.
Insulin (Humulin R: Eli Lilly Corp. Indianapolis, IN) was added to preincubation ( Krebs
Ringer bicarbonate buffer, 10 mM HEPES, 2 mM sodium pyruvate, 5 mM glucose, 23
mM mannitol, pH 7.5), wash (Krebs buffer, 10 mM HEPES, 2 mM sodium pyruvate, 28
mM mannitol, pH 7.5), and transport (Krebs buffer, 10 mM HEPES, 2 mM sodium
pyruvate, 26 mM mannitol, 0.5 pCi/ml 3H-2-DG, 0.01 pCi/ml 14C-mannitol) media at
insulin concentrations of 0, 0.25, 0.5, or 2 mU/ml. The samples were equilibrated in
incubation media without insulin for 10 minutes, preincubated with insulin for 10
minutes, washed for 10 minutes, and finally incubated in transport media for exactly 10
minutes when glucose transport was stopped by transferring the tissue to ice-cold saline.
Samples were dissolved in IN NaOH at 90°C, transferred to scintillation vials and 3H2-DG and 14C-mannitoI were counted. 2-DG incorporation, corrected for extracellular
fluid volume, was expressed as nmol glucose incorporated per mg muscle per 10 min.
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Experiment 4.2.
The effects of repeated restraint stress on muscle Glut-4
protein content and glycogen content, measured one day after the end of restraint
stress in rats.
This experiment measured Glut-4 protein and glycogen content in soleus muscle
from control, restrained and pair-fed rats, one day after the last repeated restraint stress.
Twenty-four rats were fed the high-fat diet for 10 days and then divided into three
weight matched groups: repeated restraint stress, pair fed, and control groups. One day
after the last restraint stress, all rats were decapitated in the morning. The soleus muscle
from both legs were quickly removed, snap frozen in liquid nitrogen and stored on -80°C
until further measurements was made.
Glut-4 protein content measurement (Western Blot)
Frozen muscle was homogenized in ice cold homogenization buffer (25 mM Tris
HC1 1.0 mM EDTA 255 mM sucrose pH 7.4, 0.1 mg/ml aprotinin, 10 pg/ml leupeptin,
1 mM phenylmethlsulfonyl fluoride). The homogenate was centrifuged at 1500xg (3000
rpm) for 15 minutes at 4°C to obtain plasma membranes. The supernatant was further
centrifuged at 12000xg for 20 minutes at 4°C. The pellet was dissolved in
homogenization buffer and used for determination of protein concentration by the BCA
protein assay kit (BCA; PIERCE, Rockford, IL)
An aliquot (40pg) o f protein from each sample was separated in a 10% SDS
polyacrylamide gel in Tris running buffer (25 mM Tris HC1, 0.192 M glycine, 0.1% SDS,
pH 8.3). The protein was transferred overnight at 4°C onto Immobillon P membrane in
25 mM Tris, 192 mM glycine, 20% methanol buffer. The membrane was rinsed and
blocked for 1 hour with Tris buffered saline, 0.1% Tween 20-20 (TTBS), 5% dried milk
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Then, it was incubated with mouse anti-glucose transporter-4 monoclonal antibody (1F8,
Biogenesis Inc. Brentwood, NH 0.833) at a dilution of 1/3000 for 6 hours, followed by
three washes with TTBS (15 minutes once and 5 minutes twice) and one time wash with
TBS (5 minutes). The membrane was further incubated with peroxidase labeled anti
mouse antibody (Amersham Life Science) at a dilution o f 1/7000 for 2 hours. After
washing three times with TTBS and once with TBS, the bound antibody on the
membrane was detected by chemiluminesence (ECL System, Amersham) and
Chemilmager™4000 Low Light Imaging System (Alpha Innotech Corporation) was
used for quantification of the protein.
Muscle glycogen content determinatioa
Duplicate small, weighed (30~50mg) pieces of soleus muscle were put into
individual 3 ml test tubes and 0.5 ml 30% KOH saturated with Na 2 S0 4 was added to
each tube. The samples were placed in boiling water for 20-30 minutes until the tissue
was fully digested. The tubes were cooled and 0.6ml 95% ethanol was added to each
tube. The tubes were mixed by vortex and placed on ice for 30 minutes. The samples
were centrifuged at 810 G for 20 ~ 30 minutes and supernatant was immediately
aspirated off. The pellet was dissolved in 1 ml distill water and glucose was analyzed by
Sigma Kit (Sigma Diagnostic Kit 510).
RESULTS
The results from muscle glucose transport measurements are illustrated in Figure
4.1. Basal glucose uptake was the same in all three groups and was stimulated by insulin
in all three groups, although the degree of insulin stimulation was not the same, indicated
by a significant interaction between treatment and insulin (P=0.03). Glucose uptake was
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significantly lower in the restrained than control or pair fed groups in the presence o f
0.5mU/ml insulin.

■ Control
□ Pair fed
m Restrained

Insulin (mU/ml)
Figure 4.1. Muscle glucose transport in control, pair fed and restrained rats measured
one day after the last restraint stress in experiment 4.1. Data are means + SEM for
groups o f 10 rats. Increasing insulin concentration significantly stimulated glucose
transport in muscle in all three groups of rats. An asterisk indicates that restrained rats
had significantly reduced glucose transport compared with control or pair fed rats
(P=0.03) in the presence of 0.5mU/ml insulin.

The glucose transport protein, Glut-4, content determined by Western Bolt is
show in Figure 4.2. There was no significant difference in soleus muscle Glut-4 protein
content among three group rats, measured one day after the last restraint stress.
Muscle glycogen content is shown in Figure 4.3. We did not detect any
significant difference in muscle glycogen content of the three groups o f rats, measured
one day after repeated restraint stress was ended.
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Figure 4.2
Muscle Glut-4 protein content in control, pair fed and restrained rats
measured by Western Blot one day after the last restraint stress in experiment 4.2.
Data are mean + SEM for groups of 8 rats. There is no significant difference in Glut-4
protein content o f the groups
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Figure 4.3
Muscle glycogen content in control, pair fed and restrained rats
measured one day after the last restraint stress in experiment 4.2. Data are mean +
SEM for group o f 8 rats. There are no significant differences in muscle glycogen
content of the groups.
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DISCUSSION
The objective o f experiments described here was to investigate the effects of
repeated restraint stress on skeletal muscle glucose uptake and storage and to determine
whether changes in muscle glucose uptake would account for the changes in whole body
glucose clearance, described in Chapter Three. The answer appears to be “no”. The
soleus muscle was used for all of the experiments because it has mixed type skeletal
muscle fibers. Soleus muscle has 84% o f slow twitch red fiber and 16% of fast twitch
white fiber (Ariano, Armstrong & Edgerton, 1973). The slow twitch fibers provide
prolonged energy and fast twitch fibers deliver energy for only seconds to minutes.
Glucose transport in slow twitch fibers is also more sensitive to insulin than in fast twitch
fibers (Henriksen et al., 1990). Since insulin stimulated glucose uptake predominates in
skeletal muscle, soleus muscle gives a good representation of most o f skeletal muscle in
terms of insulin stimulated glucose uptake. However, other types o f muscle, such as fast
twitch fiber dominated skeletal muscle and visceral smooth muscle, can be a site of
glucose disposal during the post stress period (Montessuit et al., 1998). In the present
study, the contribution o f these types of muscle to the whole body glucose clearance was
not considered, as they are less insulin sensitive than soleus muscle (Henriksen et al.,
1990; Kraegen et al., 1990).
Muscle glucose uptake and storage have been examined under a variety of stress
conditions such as severe injury, major surgery, and trauma. (Bums, 1988; Goldstein &
Elwyn, 1989; Wolfe, 1993). These types o f stress are associated with muscle insulin
resistance. On the other hand, exercise, another form of stress, can increase muscle
glucose uptake (Goodyear & Kahn, 1998; Henriksen et al., 1990) or decrease muscle
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glucose uptake (Blomstrand & Saltin, 1999) depending on the time and severity o f
exercise. Thus, muscle glucose uptake responds differently to different kind of stress
and different severity of stress. The results from experiments described in this chapter
show that repeated restraint stress did not dramatically affect the skeletal muscle glucose
transport activity during the post stress period. This implies that the whole body
increase in insulin sensitivity, or glucose clearance, might result from a tissue other than
skeletal muscle. This result is supported by body composition results in Chapter Three.
Body protein content was the same in all three group o f animals measured on both Day
One and Day Five after the end of restraint stress, while only body fat content was
changed during the post stress period.
Muscle glycogen content is usually depleted during stress, such as moderate cold
exposures, swimming, and fasting; and then increases slightly after stress ends (LeBlanc
& Labrie, 1981). This phenomena is referred as glycogen super-compensation
(Sinacore & Gulve, 1993). In our experiment, muscle glycogen content of all three
group rats was the same when measured one day after the end o f repeated stress. This
result supported our soleus glucose transport activity data and confirmed that skeletal
muscle glucose uptake was not affected by repeated restraint stress during the post stress
period.
Glut-4 protein is the major glucose transport protein in muscle (Goodyear &
Kahn, 1998). Both insulin dependent and independent glucose transport is determined
by Glut-4 protein content in the plasma membrane (Henriksen et al., 1990; Montessuit et
al., 1998). No change was observed in Glut-4 protein content o f soleus muscle during
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the post stress period. This observation provides further evidence that muscle glucose
uptake was not changed at this time.
In conclusion, we did not find significant changes in muscle glucose uptake in
basal or insulin stimulated conditions, except a small decrease in muscle glucose uptake
in tissue from restraint rats in the presence of 0.5 nM insulin. Therefore, muscle glucose
uptake and storage do not appear to be affected by repeated restraint stress during the
post stress period. Since skeletal muscle does not have a rebound increase in glucose
uptake during the post stress period, it is not responsible for the whole body increased
glucose clearance one day after stress is terminated. The peripheral tissue which
accounts for, the changes in whole body glucose disposal, remains to be determined.
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CHAPTER FIVE
THE ADIPOCYTE RESPONSE TO REPEATED RESTRAINT STRESS
INTRODUCTION
In the experiment described in Chapter Three, we found that restraint rats
switched from losing only lean body mass to losing both lean and fat tissue during the
recovery period following restraint stress. These changes in body composition suggested
that repeated restraint stress changed peripheral tissue nutrient partitioning. In addition,
whole body insulin sensitivity, or glucose clearance, was improved in restraint rats
measured by oral glucose tolerance test. However, it is unclear which tissues are
responsible for the changes in nutrient partitioning and insulin sensitivity in restrained
rats. In Chapter Four, we measured muscle glucose uptake, storage, and insulin
sensitivity, as muscle is one o f the major insulin responsive glucose disposal organs. We
concluded that repeated restraint stress did not affect muscle glucose uptake and storage
during the recovery period o f stress.
Body fat, or adipose tissue, is another insulin sensitive organ, which also serves
as glucose disposal pool in the body (Felber & Golay, 1995; Kraegen et al., 1990).
Therefore, changes in whole body nutrient partitioning and insulin sensitivity could result
from changes in adipose tissue glucose uptake. In Chapter Three, we observed that
body fat content of restrained rats changed between Day One and Day Five after
restraint and that their serum free fatty acids content was also increased compared with
pair fed rats on Day Five after the end o f restraint stress. These results implied that body
fat was undergoing metabolic changes during the recovery period when stress was
ended. The objective of the present experiments was to investigate whether repeated
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restraint stress had a post stress effect on body fat glucose and fatty acid utilization, as
well as insulin responsiveness.
Body fat is composed of adipocytes, which are distinguished from other types o f
cell by containing large amounts of triglycerides or lipids. Lipogenesis and lipolysis,
therefore, represent the major part of adipocyte metabolism. Lipogenesis is the process
of fat anabolism and by which fatty acids and glycerol are converted into triglycerides.
In contrast, lipolysis is the process of fat catabolism and release of glycerol and fatty
acids from adipose tissue. When additional energy is required in the cell, lipolysis
predominates over lipogenesis. Consequentially, triglycerides within the adipocytes are
hydrolyzed into free fatty acids and glycerol. Fatty acids and glycerol serve as an
alternate energy supply to cells, except those from brain, nerve, and blood.
When glucose is used as a source o f energy, it is transported into cells by glucose
transporter proteins. Five types of D-glucose transport protein have been identified in
mammalian systems: Glut-1 is expressed in erythrocytes and many other tissues; Glut-2
is predominantly in liver, and kidney; Glut-3 is abundant in brain; Glut-4 is uniquely
expressed in adipocytes and muscle; and Glut-7 mainly transports newly produced
glucose from endoplasmic reticulum lumen to cytoplasm (Kahn, 1996; Zierler, 1999).
Among these types of glucose transporters, Glut-4 is the only glucose transport protein
which can be rapidly and markedly enhanced in response to insulin. In addition to being
regulated by insulin, Glut-4 is also regulated by insulin independent mechanisms
(Goodyear & Kahn, 1998). To examine the response of adipocytes to repeated restraint
stress during the post stress period, we measured adipocyte glucose transport, fatty acid
oxidation, and fatty acid esterification one day after the last restraint stress. We also tried
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to measure Glut-4 protein content, but could not detect the protein in plasma membrane
preparations, possibly due to ail rats being fed a high fat diet. High fat feeding could
promote uptake o f fatty acid over glucose and cause insulin resistance in these rats,
therefore, their membrane Glut-4 content could be very low in non-insulin stimulated
conditions.
MATERIALS AND METHLDS
Animals
Twelve week old, male Sprague-Dawley rats, weighing 350g, were obtained
from Harlan Sprague Dawley (Houston, TX) and housed in individual wire mesh cages
in a humidity and temperature controlled room (22±2°C, 65-67% humidity) on a 12:12h
lig h t: dark cycle with lights on at 07:00. All animals were fed with high fat diet (see
table 3.1 for diet composition). Body weights and food intakes were recorded daily. All
food intakes, including those of pair-fed rats, were corrected for spillage. All animal
protocols were approved by the Pennington Biomedical Research Center Institutional
Animal Use and Care Committee.
The repeated restraint stress protocol was the same as described in Chapter
Three. Rats were placed in perspex restraining tubes (Plas Labs, Lansing, MI) for three
hours in the morning for three consecutive days. The control and pair fed rats were
moved to the same room as the restraint rats and did not have access to food or water
for the period o f restraint. Pair fed rats had diet and water a d libitum before stressed
rats were restrained, but were pair fed to restrained rats from the first day of restraint
until the end of the experiment.
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Statistical Analysis
Repeated measurements of variance was used for all measurements with insulin
concentration as the repeated measure. The SAS system version 6.12 was used for
computations. Data are presented as means + SEM.
Experiment S .l.
The effects of repeated restraint stress on adipocyte glucose
uptake, measured one day after the end of restraint stress in rats.
This experiment measured glucose transport in adipocytes from control,
restrained and pair-fed rats, one day after the last repeated restraint stress. Thirty rats
were fed the high-fat diet for 11 days and then divided into three weight matched groups:
repeated restraint stress, pair fed, and control groups.
One day after the last restraint stress, all rats were food deprived for 4~6 hours
and anaesthetized (Ketamine: 90mg/kg body weight, Xylazine: lOmg/kg body weight,
i.p.). Epididymal fat was dissected, weighed and digested to measure adipocyte glucose
transport.
Adipocyte isolation
Adipocytes were isolated by the method of Rodbell (Rodbell, 1964). The
epididymal fat was dissected and placed in warm saline until transferred to a clean plastic
beaker. The fat pad was then minced with sharp scissors and the minced fat was
transferred to a flask with 20 ml digestion media ( Krebs buffer, 5 mM glucose, 2% BSA
and 2mg/ml collagenase pH 7.45). The flask was then gassed with 95%02/5%C02 and
sealed tightly. Fat digestion was carried out by placing the flask at 37°C in a water bath
with shaking (150 oscillations per minute) until there were no obvious lumps o f fat in the
flask (about 30-45 minutes). The digested cells and undigested debris were separated by
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filtering though a 125mm nylon mesh. The digested cells, which went though the filter,
were collected in a 50ml plastic tube. The cells were washed three times in Krebs
buffer, 0. ImM glucose, and 2% BSA (pH 7.45). The washing involved: (1) spinning the
tube slowly for 2-3 minutes until the adipocytes were settled above the wash buffer; (2)
aspirating the wash buffer from below the cells using a siliconized pipette; (3) adding
new wash buffer to the tube and repeating step (1). After the final wash, the cells were
re-suspended in an appropriate volume o f wash buffer and held at 37°C for 20-30
minutes before use.
Glucose transport in adipocytes
Glucose uptake was measured in basal and insulin stimulated conditions (0, 0.1,
0.8 mU insulin/ml). One ml of each cell suspension was added to 2 ml media (1,5X wash
buffer, 0.1 pCi/ml l4C-mannitol) and incubated for approximately 30 minutes at 37°C
with shaking. Cell number was determined by fixing an equivalent aliquot in osmium
tetroxide and counting by Coulter Counter (Coulter Electronics Inc. Hialeach, Florida).
Then 0.2 mM 2-DG, 1.0 mCi/mM 3H 2-DG in 50 pi volume was added and the sample
was incubated for exactly 2 minutes. Triplicate 200 pi aliquots of the sample were
transferred to vials containing lOOul phthalic acid dinonyi ester and immediately
centrifuged to separate cells from media. All incubation conditions were carried out in
duplicate. The cell fraction was counted for 2-DG incorporation and corrected for
extracellular fluid volume, indicated by 14C-mannitol. Results are expressed as nmol
glucose incorporated per 106 cells per 2 min, as well as percentage change from basal
levels.
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Experiment 5.2.
The effects of repeated restraint stress on adipocyte fatty acid
oxidation and esteriflcation, measured one day after the last restraint stress in rats.
This experiment determined adipocyte fatty acid oxidation and esteriflcation one
day after the last restraint stress. Thirty rats were fed the high-fat diet for 11 days and
then divided into restraint, pair fed, and control groups, matched for average body
weight. One day after the last restraint stress, rats were food deprived for 4-6 hours
prior to decapitation. Epididymal adipocyte fatty acid oxidation and esteriflcation were
measured in the presence o f increasing concentrations of insulin (0, 0.3, 1.5 mU insulin
/ml). The adipocyte isolation procedure was the same as described in experiment 5.1,
except the wash buffer was composed of Krebs buffer, 5mM glucose, and 2% BSA (pH
7.45).
Fatty acid oxidation and esteriflcation
Adipocytes were suspended in incubating buffer ( Krebs bicarbonate buffer,
5.0mM glucose, 0.5 mM palmitate, 2.0% BSA, pH 7.5). Fatty acid oxidation and
esteriflcation were measured in basal and insulin stimulated (0, 0.3, l.5mU insulin/ml)
conditions with triplicate determinations. A 0.5ml aliquot o f each cell suspension was
added to 1.5 ml media ( Krebs bicarbonate buffer, pH 7.5, 5.0mM glucose, 0.5mM
palmitate, 2.0% BSA, 0.3|j.Ci/ml 14C-palmitate). Cell number was determined as
described in experiment 5.1. The flasks were gassed with 95% 02/5% C02, sealed with
rubber stoppers carrying center wells, and incubated for exactly 2 hours at 37°C with
shaking. The reaction was stopped by adding 0.5ml 0.5M H2S 0 4 to media and C 0 2
collected by addition of 0.2ml 1.0M benzethonium hydroxide to the center well. The
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collected CO 2 was counted for fatty acid oxidation and the cells were extracted for
esterified fatty acids.
The cells were transferred into a screw-capped tube with 5 ml Dole’s solution (1
part heptane, 5 parts isopropanol, 0.1 part 1.0 N H2SO4) and left to stand overnight at
room temperature. After 0.3 ml heptane and 0.2 ml water were added to each tube and
the liquid in the tube separated into two layers, the lower aqueous layer was aspirate off
and the upper heptane layer was wash twice with 0.1 N NaOH. The final upper layer of
heptane contained all lipids and was transferred to a scintillation vial for determination of
triglyceride synthesis from fatty acid.
Experiment 5.3

The Glut-4 protein Western Blot

One-month-old male rats fed with regular diet and five month old male rats fed
with high fat diet for the last 3 weeks were decapitated. Epididymal fat was dissected
and homogenized in ice cold homogenization buffer (25mM Tris, HC1 l.OmM EDTA,
255mM sucrose, pH 7.4, 0.1 mg/ml aprotinin, lOug/ml leupeptin, ImM
phenylmethlsulfonyl fluoride). The homogenate was centrifuged at 1500xg (3000rpm)
for 15 minutes at 4°C and the supernatant was further centrifuged at 12000xg for 20
minutes at 4°C to obtain plasma membranes. The pellet was dissolved in homogenization
buffer and protein concentration was determined by the BCA protein assay kit (BCA;
PIERCE, Rockford, IL)
An aliquot (123pg) of protein from each sample was separated in a 12% SDS
polyacrylamide gel in Tris running buffer (25mM Tris HC1, 0.192M glycine, 0.1%SDS,
pH 8.3). The protein was transferred overnight at 4°C onto Immobillon P membrane in
25mM Tris, 192mM glycine, 20% methanol buffer. The membrane was rinsed and
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blocked for 1 hour with Tris buffered saline, 0.1% Tween 20-20 (TTBS), 5% dried milk.
Then, it was incubated with mouse anti-glucose transporter-4 monoclonal antibody (1F8,
Biogenesis Inc. Brentwood, NH 0.833) at a dilution o f 1/3000 for 5 hours. Following
three washes with TTBS (15 minutes once and 5 minutes twice) and one time wash with
TBS (5 minutes), the membrane was incubated with peroxidase labeled anti-mouse
antibody (Amersham Life Science) at a dilution of 1/6000 for 2 hours. After washing
three times with TTBS and once with TBS, the bound antibody on the membrane was
detected by chemiluminesence (ECL System, Amersham). A Chemilmager™4000 Low
Light Imaging System (Alpha Innotech Corporation) was used for quantification of
protein.
RESULTS
Experiment 5.1
Adipocyte glucose uptake is shown in Figure 5.1 A. Basal and insulin stimulated
glucose uptake were significantly lower in restrained rats than in control or pair fed
animals (P=0.03). There was no difference between control and pair fed groups. Insulin
stimulated glucose transport calculated as a percentage of basal rate are shown in Figure
5. IB. The percentage change in glucose transport in adipocytes exposed to insulin was
the same in restrained and control groups, but was significantly greater in pair fed
animals (P=0.04).
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Figure 5.1
Adipocyte glucose transport in control, pair fed and restrained rats
measured one day after the last restraint stress in experiment 5.1. Data are means +
SEM for groups of 10 rats. Panel A shows glucose transport represented as nmol per
106cells/2min. Increasing insulin concentration significantly stimulated glucose transport
in adipocytes for all three groups. An asterisk indicates that restrained rats had
significantly reduced glucose transport (P<0.05), compared with control or pair fed rats.
There was no interaction between insulin and treatment. Panel B shows insulin
stimulated adipocyte glucose transport, expressed as a percentage of basal for each
group. Insulin response in adipocytes from pair fed rats was significantly increased
compared with control and restrained groups (P<0.05). Values that do not share a
c ’rnmon letter are significantly different.
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Experiment 5.2
Adipocyte fatty acid oxidation results are shown in Figure 5.2. There was a
significant interaction between insulin concentration and treatment (P<0.05) in that
oxidation was higher in restrained and pair fed groups than in controls at basal conditions
(P<0.02) or in the presence of 0.3mU insulin (P=0.02). At the highest insulin
concentration, the rate o f fatty acid oxidation was the same for all three groups. Insulin
stimulated fatty acid oxidation, expressed as percentage change from basal, also showed
a significant interaction between treatment and insulin concentration (P<0.05). Fatty
acid oxidation was stimulated by insulin in adipocytes from control rats but not those
from restrained or pair fed rats, due to the high rate of oxidation in basal conditions.
Adipocyte fatty acid esterification is shown in Figure 5.3. There was no significant
difference among treatment groups and no significant interaction between treatment and
insulin concentration. There was a significant stimulatory effect o f insulin (P<0.01).
When the data was expressed as percentage change from basal, the interaction between
treatment and insulin became significant (P<0.05). Adipocytes from restrained rats had a
lower percentage change from basal levels.
Experiment 5.3
The Western blot result o f Glut-4 protein is shown in Figure 5.4. Under the
described experimental conditions, Glut-4 protein (-46 kd) in epididymal fat plasma
membrane was detected in the young rat fed low fat diet but not in rats that were the
same age as our experiment animals and fed with high fat diet. The Glut-4 protein in
mouse muscle and fat was also detectable under the same experimental conditions.
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Figure 5.2.
Adipocyte fatty acid oxidation in control, pair fed and restrained rats
measured one day after the last restraint stress in experiment 5.2. Data are means +
SEM for groups of 10 rats. Panel A: fatty acid oxidation represented as pmol per 106
cell/ 2 hours. Panel B: insulin stimulated fatty acid oxidation expressed as a percentage
o f basal level for each group. An asterisk indicates that fatty acid oxidation was
significantly higher in restrained and pair fed rats than controls in basal and 0.3mU
insulin conditions. Percentage change o f fatty acid oxidation from basal level was
significant higher in control rats than restrained and pair fed rats, as denoted by #.
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Figure 5.3. Adipocyte fatty acid esteriflcation in control, pair fed and restrained rats
measured one day after the last restraint stress in experiment 5.2. Data are means +
SEM for groups o f 10 rats. Panel A: fatty acid esterfication in adipocytes represented as
nmol/106cell/2 hours. Panel B: insulin stimulated fatty acid esteriflcation expressed as
percentage of basal level for each group. Percentage change of fatty acid esteriflcation
from basal level in restrained rats was significant lower than control or pair fed rats, as
denoted by #.
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Glut-4

Figure 5.4
Glut-4 protein Western Blot results from experiment 5.3. 123pg
protein was loaded in each lane. Glut-4 was not detectable in membrane from high fat
fed experimental rat.
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DISCUSSION
The metabolic effect of stress on fat tissue is a topic of particular interest in
human clinical nutrition research and a number o f studies have been done to examine the
effects of stress on human fat metabolism (Buckley & Kudsk, 1994; Fitzsimmons &
Hadley, 1995; Wiener et al., 1987). Most investigations are related to injury, trauma, or
illness stress. The results o f these studies depend on the time, severity, and type o f stress
applied, and the measurements are limited to serum free fatty acids, glycerol and
triglyceride. The research shows that trauma, infection, and critical illness often result in
whole body hypermetabolism with increased fat tissue lipolysis. The triglycerides within
the adipocyte are hydrolyzed into free fatty acids and glycerol. Thus patients with
trauma, infection, critical illness usually have high serum free fatty acids and glycerol,
which provide an energy supply under these stressed conditions (Buckley & Kudsk,
1994; Mizock, 1995; Wiener etal., 1987).
The effect o f restraint stress on adipocyte glucose uptake has not been reported
previously. There are few publications about the effects of other types of stress on
adipocyte glucose transport and the results depend on the type of stress used. Exercise
has been reported to increase glucose uptake in adipocytes (Craig & Foley, 1984;
Stallknecht et al., 1996) and Rudich et al reported that oxidation stress, induced by
micromolar concentrations of H2 O2 , reduced insulin responsiveness in cultured 3T3-L1
adipocytes (Rudich et al., 1997; Rudich et al., 1998). Our results indicated that repeated
restraint stress inhibited glucose uptake in adipocytes one day after the end o f stress.
Also, this inhibition was not observed in pair fed rats, which had the same food intake as
restrained rats. Therefore, the inhibition was a primary response to restraint stress,
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rather than a secondary response to stress induced hypophagia. Moreover, the inhibition
was observed both in basal and insulin stimulated conditions, although the insulin
stimulated percentage increase in glucose transport over the basal rate was the same in
control and restrained rats. Therefore, even though the amount o f glucose transported
into adipocytes was decreased in restrained rats, this decrement did not interfere with
insulin responsiveness of the cells. This implied that an insulin independent glucose
transport pathway was affected by repeated restraint stress during the post stress period.
When glucose transport data was expressed as percentage changes over the non-insulin
stimulated conditions, we observed that glucose transport was step-wised increased by
insulin concentrations of 0.1 and 0.8 mU/ml in pair fed animals. In control rats, the
maximal tranport was reached with 0.1 mU/ml. The same measurement from restrained
rats gave an intermediate level response, which was not significantly different from either
pair fed or control rats. These results correlate with the results o f the glucose tolerance
test described in Chapter Three, which showed that the whole body insulin sensitivity
was improved in both restrained rats and pair fed rats compared with control rats.
However, since the quantitative rates of glucose uptake were not increased, in restrained
rats, adipose tissue could not account for the increased whole body glucose disposal we
observed in the glucose tolerance test.
Glut-4 protein is the major glucose transport protein in adipocytes (Kahn & Flier,
1990; Kandror & Pilch, 1998). It is responsible for both insulin dependent and
independent glucose transport (Filippis et a l, 1998; Olefsky, 1999). Therefore, the
inhibition of glucose uptake in adipocytes could possibly correspond with reduce Glut-4
protein content or expression in adipocytes. We attempted to measure Glut-4 protein
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content in plasma membrane by Western Bolt. However, under our experimental
conditions, we failed to detect epididymal fat plasma membrane Glut-4 protein content
from control rats. It has been reported that both a high fat diet and age cause insulin
resistance (Cartee, 1993; Pedersen et al., 1991; Van Epps-Fung et al., 1997). Also
under non-insulin stimulated conditions, the Glut-4 protein is mainly located in
cytoplasm rather then in plasma membrane (Goodyear & Kahn, 1998; Olefsky, 1999).
Thus, the possible explanations for undetectable Glu-4 protein in plasma membrane of
control rats are three fold. First, the rats were on high fat diet for more than two weeks
and they might have already developed insulin resistance which would reduce plasma
membrane Glut-4 protein content. Secondly, in addition to high fat diet, our rats were
about five months old when the sample was collected and Glut-4 protein content usually
decreases as age increases. Finally, the fat sample was dissected under non-insulin
simulated conditions, which would further reduce the plasma Glut-4 protein content.
In the present study, we also observed increased rates of fatty acid oxidation in
adipocytes from both restrained and pair fed rats and the same level o f re-esterification in
all three groups of rats. This result suggests that adipocytes in pair fed and restrained
animals are undergoing lipolysis, rather than lipogenesis, one day after restraint stress
was terminated. This response in pair fed rats probably results from their being in
negative energy balance. The pair fed rats were forced to have an inadequate energy
intake, therefore, they had to increase lipolysis so that lipid catabolic products could be
used as an energy supply. However, the increased fatty' acid oxidation in restrained rats
could not be accounted for in the same way because these rats had a voluntary
hypophagia. They could have increased food intake as they had food freely available. In
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fact, these restraint rats had increased fatty acid oxidation in preference to increasing
food intake. The result o f increased fatty acid oxidation, combined with reduced glucose
uptake, in adipocytes o f restrained rats leads to the conclusion that repeated restraint
stress causes alterations in adipocyte energy usage. The adipocytes in restraint rats shift
to using fatty acids, rather than glucose, as a primary energy source when measured 24
hours after the last restraint stress. The reduced glucose uptake and increased fatty acid
oxidation in adipocytes o f stressed rats may also explain the body composition results in
Chapter Three, which show that, although all of the tissue lost during stress was lean
body mass, the difference in weight of control and restrained rats was accounted for by
both lean and fat tissue five days after stress. The triggers that cause adipocytes to
switch energy utilization from glucose to fatty acids after stress need to be determined.
In conclusion, the adipocyte responses to repeated restraint stress measured one
day after stress were ( 1 ) a significant inhibition of glucose uptake in insulin independent
manner; (2) a significant increase in fatty acid oxidation; (3) an unchanged rate o f fatty
acid esterification. All o f these observations support our results of whole body
responses to restraint stress in Chapter Three, which showed that restrained rats lost fat
tissue during the recovery period. However, these responses do not account for the
increased whole body glucose disposal that we observed in the oral glucose tolerance
test described in Chapter Three.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

CHAPTER SIX
THE LIVER RESPONSE TO REPEATED RESTRAINT STRESS
INTRODUCTION
Results from experiments described in Chapter Three, Four and Five, showed
that rats exposed to repeated restraint stress had an increased whole body glucose
clearance one day after the stress was terminated. This increase did not result from
increased muscle glucose uptake since glucose uptake and glycogen content o f skeletal
muscle did not change one day after stress. Likewise, adipose tissue did not account for
increased glucose clearance since adipocytes from restrained rats had reduced rates of
glucose uptake. Therefore, the peripheral tissue that had increased rates o f glucose
uptake corresponding with whole body glucose clearance remained to be identified.
Peripheral tissue glucose uptake is affected by many factors, such as the time of
previous meal, insulin, exercise, stress and metabolic pathways in that particular tissue.
Among body tissues, skeletal muscle and fat are major sites of insulin sensitive glucose
disposal, whereas brain, nerve, and liver are major sites of insulin independent glucose
disposal. Since we found that repeated restraint stress did not increase glucose uptake
or insulin responsiveness in adipose or muscle tissue, insulin independent glucose
disposal may be responsible for the changes in glucose clearance caused by restraint
stress. Glucose uptake into brain and nerve are highly protected and stable due to their
critical role in maintaining life. Thus, liver glucose uptake and metabolism during the
post stress period was investigated. Liver is a very active metabolic organ. Glucose
uptake by liver accounts for 30-50% of the whole body glucose load (Felber & Golay,
1995). Unlike muscle and adipose tissue, liver glucose uptake is insulin independent and
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the glucose transporter proteins in liver, Glut-2 and Glut-1, are not insulin responsive
(Kahn & Flier, 1990; Wertheimer et al., 1991).
Glucose metabolism and fatty acid oxidation in the liver are involved in the
control of food intake, possibly via hepatic vagal afferents (Langhans & Scharrer, 1987a;
Novin et al., 1985; Scharrer, Lutz & Rossi, 1996; TordofF& Friedman, 1988; Tordoff et
al., 1989). In Chapter Three, we found that, unlike pair fed rats, liver glycogen content
in restraint rats did not drop during the recovery period, even though these two groups
of animals had similar food intakes. This observation suggested that hepatic glucose
metabolism might be changed in restrained rats. In the present study, we hypothesised
that repeated restraint stress changed liver glucose uptake and metabolism, as well as
fatty acid metabolism, and that these changes might contribute to the absence of rebound
hyperphagia and increased whole body glucose clearance, observed one day after the last
restraint stress.
In the studies reported here, we measured: (1) hepatocyte glucose transport; (2)
hepatocyte glucose and fatty acid oxidation; (3) hepatocyte giucose incorporation into
fatty acid; (4) hepatocyte fatty acid esterification; (5) glycogen synthesis in liver slices;
(6 ) Glut- 1 and Glut-2 protein content in liver plasma membrane. These measurements
allowed us to evaluate hepatic glucose and fatty acid metabolism during the post stress
period.
MATERIALS AND METHODS.
Animals
Twelve week old male Sprague-Dawley rats, weighing 350g, were obtained from
Harlan Sprague Dawley (Houston, TX) and housed in individual wire mesh cages in a
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humidity and temperature controlled room (22+2°C, 65-67% humidity) on a 12:12h light
: dark cycle with lights on at 07:00. All animals were fed with high fat diet (see table 3.1
for diet composition). Body weights and food intakes were recorded daily. All food
intakes, including those of pair-fed rats, were corrected for spillage. The repeated
restraint stress protocol and pair fed protocol were the same as described in Chapter
Three. All animal protocols were approved by the Pennington Biomedical Research
Center Institutional Animal Use and Care Committee.
Statistical Analysis
The results from hepatocyte glucose transport, Glut-1 and Glut-2 protein content
were analyzed by analysis of variance (ANOVA) with post-hoc Duncan’s multiple range
test. The rest of the data was analyzed by repeated measurements of variance with insulin
concentration as the repeated measure. The SAS system version 6.12 was used for
computations. Data are presented as means + SEM.
Experiment 6.1.
The effects of repeated restraint stress on hepatocyte glucose
transport, and on glucose and fatty acid utilization, measured one day after the
last restraint stress.
In this experiment, we measured glucose transport, glucose oxidation and
glucose incorporation into fatty acids, fatty acid oxidation and fatty acid esterificationin
hepatocytes. Measurements were made in cells from control, pair-fed and restrained
rats, one day after the last repeated restraint stress. Thirty rats were fed the high-fat diet
for

11

days and then divided into three weight matched groups: control, pair fed and

repeated restraint stress.
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One day after the last restraint stress, all rats were food deprived for

1

to 1.5

hours and anaesthetized (Ketamine: 90mg/kg body weight, Xylazine: lOmg/kg body
weight, i.p.). Hepatocytes from each animal were isolated using the method o f Berry
(Berry, Edwards & Barritt, 1991)
Preparation o f isolated hepatocytes
The unconscious rat was placed on its back on a platform, the skin and peritoneal
muscle were cut to expose the liver. An inflow cannula was inserted into the portal vein,
and a perfusion was started with continuously gassed (9 5 % 0 2 / 5 %C 0 2) perfusion media
(Krebs bicarbonate buffer without CaCl, 5.0 mM glucose, pH 7.45). Blood was washed
out by cutting the vena cava. The thorax o f the rat was then opened and another cannula
was inserted into inferior vena below the heart, in order to recycle perfusion media.
After the outflow path was set up, the interior vena near the kidney was closed with
ligature. Thus, the outflow went only though the inferior vena cava below the heart.
The flow rate was approximately 10 ml/min and the perfusion time for each rat was
about 15 min until all the blood in the liver had been washed out and the perfusion media
became clear. The liver digestion was started by switching the perfusion media to
digestion media (Krebs bicarbonate buffer, 5.0 mM glucose, 2 % BSA, 2mg/ml
collagenase, pH 7.45). When the digestion media started to leak from the surface of the
liver, the digestion was stopped (the total digestion time is about 10 minutes). The liver
was removed and cells were separated using a glass rod. The cells were filtered though
nylon mesh (250pm pore size) with wash media (Krebs bicarbonate buffer, 3mM
glucose, lOmM HEPES, 0.5mM palmitate, 2%BSA, pH 7.45) to remove undigested
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tissue and debris. The isolated hepatocytes were washed three times with wash media.
After the final wash, the cells were resuspended in an appropriate volume o f wash media.
For glucose transport measurements, an aliquot o f isolated cells was washed
once with low glucose wash media (Krebs bicarbonate buffer, O.lmM glucose, 30mM
mannitol, lOmM HEPES, 2% BSA. pH 7.45) and suspended in the same low glucose
media.
Cell number was determined microscopically using Trypan Blue. Both the
number of viable cells and the percentage cell viability were recorded.
Glucose transport in hepatocytes
Glucose uptake was measured only in basal conditions because liver glucose
transport is insulin independent. One ml of each cell suspension was added to 2ml media
(IX wash media, 0.1 pCi/ml

14

C-mannitol) and incubated for approximately 15 minutes at

37°C with shaking. Then 0.2mM 2-DG, l.OmCi/mM 3H 2-DG in 50ul volume was added
and the sample was incubated for exactly 2 minutes. Triplicate 200pi aliquots of the
sample were transferred to vials, immediately centrifuged to separate cells from media
and the top supernatant was aspirated off to stop the reaction. The incubation for each
rat was repeated in quadruplicate. The cell fraction was counted for 2-DG incorporation
and corrected for extracellular fluid volume, indicated by l4 C-mannitol. Results are
expressed as nmol glucose incorporated per

106

cells per 2 min.

Hepatocyte glucose oxidation and glucose incorporation into fatty acids.
Hepatocytes were suspended in incubation buffer ( Krebs bicarbonate buffer, 3
mM glucose, lOmM HEPES, 0.5mM palmitate, 2%BSA, pH 7.5). Glucose oxidation
and incorporation into fatty acid were measured in basal and insulin stimulated (0 ,
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l.OmU insulin/ml) conditions with triplicate determinations. A 0.5ml aliquot o f each cell
suspension was added to 1.0ml media (Krebs bicarbonate buffer, pH 7.5, 3.0mM
glucose, 0.5mM palmitate, 2.0% BSA, 0.3jtCi/ml l4 C-glucose). The flasks were gassed
with 9 5 %C>2 / 5 %CC>2 , sealed with rubber stoppers carrying center wells, and incubated
for exactly 2 hours at 37°C with shaking. The reaction was stopped by adding 0.5ml
0.5M H 2 SO4 to media and CO2 collected by addition of 0.2ml 1.0M benzethonium
hydroxide to the center well. The collected CO2 was counted for glucose oxidation and
the cells were extracted for glucose incorporation into fatty acids.
The cells were transferred into a screw-capped tube with 5 ml Dole’s solution (1
part heptane, 5 parts isopropanol,

0 .1

part

1 .0

N H2 S 0 4) and left to stand overnight at

room temperature. After 0.3 ml heptane and 0.2 ml water were added to each tube and
the liquid in the tube had separated into two layers, the lower aqueous layer was aspirate
off and the upper heptane layer was wash twice with 0.1 N NaOH. The final upper layer
of heptane was transferred to a clean screw-capped tube. After the heptane in the tube
was air dried, 2ml alkaline ethanol (1ml saturated NaOH/lOOml 90% ethanol) was
added to the tube. The cap of the tube was closed tightly and the tubes were incubated at
80°C for 2 hours. Once tubes had cooled, 2ml water and 3ml heptane were added to
each tube and vortexed. When the liquid in the tube separated into two layers, the upper
heptane layer was aspirated off and the lower aqueous layer was washed with 3 ml
heptane. After removing the second heptane wash, the pH of the aqueous layer was
adjusted to acid with 3.0 N HC1 using methyl red indicator. The saponified triglyceride
fatty acids were extracted by adding 3ml o f heptane, vortexing and transfering the
heptane to a scintillation vial. The last extraction step was repeated twice and the total 9
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ml heptane in the vial was air dried overnight.

10

ml scintillation fluid was added to the

vial and I4C glucose incorporation into fatty acid was determined by scintillation
counting.
Fatty acid oxidation and esterification in hepatocyte
Hepatocytes were suspended in incubation buffer (Krebs bicarbonate buffer,
3.0mM glucose, 0.5 mM palmitate, 2.0% BSA, pH 7.5 ). Fatty acid oxidation and
esterification were measured in basal and insulin stimulated (0, 1 .OmU insulin/ml)
conditions with triplicate determinations. Cells were incubated as described above
(method for glucose oxidation and incorporation into fatty acid), except the incubation
media contained 0.3 pCi/ml 14C-palmitate in place o f 14 C-glucose. CO2 was collected and
counted for fatty acid oxidation and the cells were extracted for esterified fatty acids.
The extraction in Doles solution was as described above (method for glucose
oxidation and incorporation into fatty acid), except I4 C-palmitate, not 14C-glucose,
incorporation into total lipid was determined by collecting and counting the heptane
fraction prior to saponification.
Experiment 6.2.
The effects of repeated restraint stress on glycogen synthesis
in liver measured one day after the last restraint stress in rats.
This experiment measured glycogen synthesis in liver slices from control,
restrained and pair-fed rats, one day after the last repeated restraint stress. Twenty six
rats were fed the high-fat diet for

11

days and then divided into three weight matched

groups: repeated restraint stress, pair fed, and control groups.
One day after the last restraint stress, all rats were food deprived for

1

to 1 .5

hours and decapitated. The liver was removed and weighed. Six small slices of liver
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tissue (50-100m g) from each rat were obtained using a Stadie Riggs tissue slicer. The
slices were weighed and preincubated for 15 mins in Krebs bicarbonate buffer, lOmM
HEPES, 5mM glucose, 2mM sodium pyruvate, 1% BSA, pH 7.45 with or without
addition o f 2mU/ml insulin (2ml media/flask). The tissue was then incubated for 60
minutes in 2ml fresh media that included 0.5pCi/umol U- 14C-glucose. Reactions were
stopped by transferring tissue to ice cold saline. After washing twice with cold saline,
the tissue was dissolved in 1.0 M NaOH in 6 6 % ethanol. Glycogen (—200pg) was added
to each sample and samples were held at -20°C overnight. The sample was centrifuged
at 810G (2500—3000 rpm) for 20~30mins and the supernatant was aspirated and
discarded. The pellet was washed three times in cold

6 6

% ethanol. The final pellet was

dissolved in water and transferred to a scintillation vial for determination o f I4C -glucose.
Glycogen synthesis was expressed as nM/mg tissue/hour and mM/liver/hour.
Experiment 6.3.
The effects of repeated restraint stress on Glut-1 and Glut-2
protein content in plasma membrane measured by Western bolt.
This experiment measured Glut-1 and Glut- 2 protein content in liver plasma
membrane from control, restrained and pair-fed rats, one day after the last repeated
restraint stress. Twenty-five rats were fed the high-fat diet for 10 days and then divided
into three weight matched groups: repeated restraint stress, pair fed, and control groups.
One day after the last restraint stress, all rats were decapitated in the morning. The liver
was quickly removed, snap frozen in liquid nitrogen and stored at -80°C until further
measurements were made.
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Glut-1 protein determination (Western Blot)
Frozen liver was homogenized in ice cold homogenization buffer (25mM Tris
HC1, l.OmM EDTA, 255mM sucrose, pH 7.4, O.lmg/ml aprotinin, lOug/ml Ieupeptin,
ImM phenylmethlsulfonyl fluoride). The homogenate was centrifuged at 1500xg
(3000rpm) for 15 minutes at 4°C to obtain plasma membranes. The supernatant was
further centrifuged at

1 2 0 0 0

xg for 20 minutes at 4°C. The pellet was dissolved in

homogenization buffer and used for determination of protein concentration by the BCA
protein assay kit (BCA; PIERCE, Rockford, IL)
An aliquot (30pg for Glut- 1 determination and 19ug for Glut-2 determination) of
protein from each sample was separated in a 10% SDS polyacrylamide gel in Tris
running buffer (25mM Tris HC1, 0.192M glycine, 0.1% SDS, pH 8.3). The protein was
transferred overnight at 4°C onto Immobillon P membrane in 25mM Tris,192mM
glycine, 20% methanol buffer. The membrane was rinsed and blocked for 1 hour with
Tris buffered saline, 0.1% Tween 20-20 (TTBS), 5% dried milk. Then, it was incubated
with rabbit anti-Glut-1 antibody (Chemicon international Inc. Temecula, CA 92590) at a
dilution o f 1/4000 for 2 hours. Following three washes with TTBS (15 minutes once
and 5 minutes twice) and one time wash with TBS (5 minutes), the membrane was
further incubated with peroxidase labeled anti-rabbit antibody (Boehringer Germany) at a
dilution of 1/10000 for 1 hour. After washing three times with TTBS and once with
TBS, the bound antibody on the membrane was detected by chemiluminesence (ECL
System, Amersham) and a Chemilmager™4000 low light imaging System (Alpha
Innotech Corporation) was used for quantification o f protein.
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Glut-2 protein content measurement (Western Blot)
The procedure for Glut-2 protein detection by Western Blot was the same as
Glut-1, except that the amount of protein loaded on the gel was 18.7 5 p.g/lane, the first
antibody used was rabbit anti Glut-2 polyclonal antibody (Biogenesis, Sandown,
NH03873) at a dilution of 1/2000, incubation time was overnight at 4°C, and the second
antibody was used at a dilution of 1/5000.
RESULTS
Experiment 6.1
The results from hepatocyte glucose transport measurements are illustrated in
Figure 6 . 1 . hepatocytes from both restrained and pair fed rats had significantly higher
rates of glucose transport than those from control rats (P<0.05). Hepatocyte glucose
oxidation and incorporation into fatty acids are shown in Figure 6.2. There was no
significant difference among the three groups in either basal or insulin simulated
conditions. The results from fatty acid oxidation and esterification are summarized in
Figure 6.3. There was no statistically significant difference observed among groups in
basal or insulin stimulated conditions for either measurement.
Experiment 6.2
Liver glycogen synthesis results are illustrated in Figure 6.4. Restrained rats had
a significantly higher liver glycogen synthesis in basal condition compared with both
control and pair fed groups, when data were expressed either as nM/mg tissue/ hour or
as mM/liver/hour. This significant difference was no longer apparent in insulin
stimulated conditions, as restrained rats failed to further increase their glycogen synthesis
beyond the levels found in basal conditions.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

102
Experiment 6.3
The Western Blot results for Glut-1 in liver plasma membrane are shown in
Figure 6.5, and the Glut-2 results from the same samples are shown in Figure 6.6. There
was no significant difference in plasma Glut-1 or Glut-2 protein content among all three
groups of animals, measured by western blot at present experimental conditions.
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Figure 6.1. Hepatocytes glucose transport in control, pair fed and restrained rats
measured one day after the last restraint stress in experiment 6.1. Data are mean + SEM
for group of 10 rats. Pair fed and restrained rats had a significantly higher glucose
transport than control rats (P< 0.05). Values that do not share a common letter are
significantly different.
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Figure 6.2. Hepatocyte glucose oxidation and incorporation into fatty acid in control,
pair fed and restrained rats measured one day after the last restraint stress in experiment
6.1. Data are mean + SEM for group o f 9 rats. Panel A: Glucose oxidation calculated
as nM /106cells/2hours. Panel B: Glucose incorporation into fatty acid calculated as
nM/106cells/2hours. There is no statistical significant difference for either measurements
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Figure 6.3. Hepatocyte fatty acid oxidation and esterification in control, pair fed and
restrained rats measured one day after the last restraint stress in experiment 6 .1. Data
are mean + SEM for group of 9 rats. Panel A: fatty acid oxidation represented as
nM/106 cells/2hours. Panel B: fatty acid esterification represent as nM/106 cells.
There is no statistical significant difference among groups for either measurements.
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Figure 6.5. Liver plasma membrane Glut-1 protein content in control, pair fed and
restrained rats measured by Western Blot one day after the last restraint stress in
expperiment 6.3. Data are mean + SEM for groups o f 8 rats. There are no significant
differences in Glut-1 protein content in all three groups under described experiment
conditions.
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Figure 6 .6 . Liver Glut-2 protein content in control, pair fed and restrained stress rats
measured by Westen Blot one day after the last restraint ststress in experiment 6.3.
Data are mean + SEM for groups of 8 rats. There are no significant differences in
Glut-2 protein content in all three groups under the described experimental conditions.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

107
DISCUSSION
The purpose o f this study was to investigate the effects of repeated restraint
stress on liver metabolism during the post stress period. First, we found that glucose
transport into hepatocytes was significantly increased in restrained and pair fed rats,
compared with controls. It has been observed that exercise, trauma, or infection stress
usually cause increased rates o f hepatic glucose production in order to maintain a normal
blood glucose concentration (Fitzsimmons & Hadley, 1995; Mizock, 1995; Wasserman,
1995). Our observations suggest that the repeated restraint stress model is different
from other stress models in respect to the post stress metabolic response. However, net
hepatic glucose uptake is dependent on both the amount of glucose uptake into the liver
and the amount o f glucose produced by the liver. In our experiment, we only measured
hepatic glucose uptake, not glucose production. Therefore, this increased glucose
uptake could reflect one of two different outcomes. First, if the hepatic glucose
production was normal, then the net glucose uptake was increased. Alternatively, if
hepatic glucose production was increased, then net hepatic glucose uptake was not
increased. We speculate that the first situation occurred in restraint rats and the second
situation occurred in pair fed rats for reasons discussed below.
Once glucose enters the liver, it has four alternative metabolic paths; (1) being
oxidized locally to provide energy; (2 ) being synthesized into glycogen to store glucose;
(3) being synthesized into lipid for energy storage; (4) being moved out o f the liver as an
energy substrate for other tissues. We measured the first three pathways and found that
restrained rats increased glycogen synthesis and did not change glucose oxidation or
incorporation into lipid. However, the pair fed rats did not show any changes in any o f
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the three pathways measured in this study, which suggests that the increased hepatic
glucose uptake in pair fed rats might go to the fourth metabolic pathway: being
transported to other peripheral tissue. This result, again, demonstrates that restrained
rats and pair fed rats respond differently during the recovery period from stress.
Restrained rats increase glucose storage whereas pair fed rats probably transported
glucose from the liver to the other tissue as an energy substrate. Nevertheless, liver is
likely to be the organ that accounts for increased whole body glucose clearance in
restrained and pair fed rats.
The mechanisms responsible for this increased liver glucose uptake in restrained
and pair fed rats could be complex. One possible explanation is that hepatic glucose
transport is insulin independent. It has been reported that stress hormones, such as
norepinephrine, epinephrine and cortisol, inhibit insulin release and cause insulin
resistance in peripheral tissue (Buckley & Kudsk, 1994). If any effect caused by these
inhibitors is present during the recovery period for restrained rats, insulin independent
glucose uptake could be increased to keep blood glucose in the normal range
Therefore, liver could have a higher glucose uptake in restrained rats than in unstressed
rats, because it is the major insulin independent glucose uptake organ. Pair fed rats were
under starvation stress during the whole experimental period and the increased hepatic
glucose uptake might have resulted directly from starvation stress.
We did not detect a corresponding increase in Glut-1 or Glut-2 protein content to
parallel increased hepatic glucose uptake in our experimental conditions. Similar results,
showing changes in glucose transport activity but no detectable changes in glucose
transport protein content by Western Blot, have been reported by other investigators
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(Cartee & Bohn, 1995; Magnan, Gilbert & Kahn, 1996). Western Blot is only a semiquantitative method for protein measurement and measures only total amount o f protein
but not protein activity. Thus, the failure to detect Glut-1 and Glut-2 protein changes in
our experiment could be that the activity of these transport protein was increased, rather
than the total amount o f protein was significantly changed. We could not exclude the
possibility that an unknown glucose transport protein, besides Glut- 1 and Glut-2, was
responsible for this increased glucose transport in liver.
Liver glucose metabolism has been reported to influence regulation of feeding
behavior (Friedman & Tordoff, 1986; Lima, Hell & Timo-Iaria, 1985; Tordoff &
Friedman, 1988). The research showed that infusion o f glucose into the portal vein, but
not the jugular vein, decreased feeding and increased liver glycogen content (Tordoff et
al., 1989). However, when this infusion was conducted in fasting rats, which already
had a low level of liver glycogen, the suppression of feeding did not occur
(VanderWeele, Skoog & Novin, 1976). Thus, liver glycogen seemed to be one factor
involved in the regulation of feeding. In the present study, we observed increased
glycogen synthesis in restraint, but not in pair fed rats. In Chapter Three, we also found
that liver glycogen content was higher in restrained rats than pair fed rats on Day Five
after the end of restraint stress. These two results together provide strong evidence that
an increment in liver glycogen synthesis might prevent rebound hypophagia in restrained
rats during the recovery period.
Liver fatty acid oxidation also contributes to the regulation of feeding behavior.
Experiments have shown that food intake increases in rats, particular during post
prandial period, when liver oxidation is inhibited (Friedman & Tordoff, 1986; Langhans
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& Scharrer, 1987a; Langhans & Scharrer, 1987b). In experiments reported here, we did
not observe differences in fatty acid oxidation in the three groups of rats, which suggests
that this type o f control of food intake was not predominant in our restrained rats. As
for pair fed rats, we did not find any changes in their fatty acid oxidation either, possibly
because they were not in a post-prandial stage, and other types of food intake control
mechanisms had overriden the fatty acid oxidation mechanism to regulate their food
intake, or because they had to maintain a higher level of fatty acid oxidation for an
energy supply due to their inadequate energy intake. More over, since all rats were fed a
high fat diet for more than two weeks, the adaptation to this diet possibly had a stronger
effect on fatty acid oxidation than other factors.
Fatty acid esterification and glucose incorporation to triglycerides are two major
lipogenic pathways in the liver. We measured both pathways and noticed that in both
restrained and pair fed rats, there was a trend to reduce lipogenesis but this did not reach
the level of statistical significance. In Chapter Three, we reported that fiver lipid content
was the same for all three groups rats on Day One after stress and was reduced in
restrained and pair fed rats on Day Five after the last restraint stress. Therefore, we
expected fiver lipogenesis to be reduced in restrained rats and pair fed rats during the
recovery period. Our measurements o f lipogenesis from fatty acid and glucose did not
support our previous result, possibly due to the inhibition being too small to be
statistically significant. Also, we measured the two paths separately and could not sum
the methods o f lipid synthesis to provide a measure o f total lipid synthesis.
In summary, we observed the following changes in fiver glucose metabolism
caused by restraint stress during the post stress period: fiver glucose uptake was
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increased in restrained rats one day after the last stress and this increased hepatic glucose
uptake was used to synthesis liver glycogen for storage. These two changes are possible
causes for the absence o f hyperphagia in restrained rats during the recovery period.
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CHAPTER SEVEN
THE EFFECTS OF REPEATED RESTRAINT STRESS ON (3-ADRENERGIC
RECEPTOR IN ADIPOSE TISSUE AND LIVER
INTRODUCTION
Under stressed conditions, the sympathetic nervous system is activated and
neurotransmitters, such as norepinephrine and epinephrine, are released from both the
peripheral and central nervous systems. The release o f norepinephrine modulates a
variety o f cellular processes. For example, sympathetic stimulation causes lipolysis in
adipose tissue and glycogenolysis in liver.
The results reported in previous chapters show that repeated restraint stress
changes adipose and liver metabolism during the post stress recovery period. In adipose,
the changes are catabolic, represented by decreased glucose uptake and increased fatty
acid oxidation, but not esterification. The body composition results measured during the
post stress period also indicated that body fat deposition was reduced. However, the
metabolic causes o f these changes in adipose have not been identified. They could result
from an increase in lipolysis, a decrease in lipogenesis or both. Nevertheless,
sympathetic stimulation could potentially be involved in these changes due to its lipolytic
effects on adipose. In liver, the changes were more anabolic. Restrained rats increased
liver glucose storage, indicated by increased glucose uptake and glycogen synthesis.
These hepatic changes seem to be the opposite of the changes caused by sympathetic
stimulation, which are represented by increased glucose production from liver. Since
metabolic changes in both tissues from restrained rats could be explained by changes in
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sympathetic activity, either positive or negative regulation, the status o f the sympathetic
nervous system during the post stress period needs to be determined.
In the previous study, we found that neurotransmitters acivated by restraint stress
were at normal levels when stress was ended (Rybkin et al., 1997). Therefore, the
metabolic changes could not be attributed to neurotransmitter release at the presynaptic
or synaptic level. However, after neurotransmitter release, postsynaptic changes could
also influence cellular response to sympathetic nerve stimulation. The initiation step of
post sympathetic regulation is an interaction of the neurotransmitter with its specific
membrane receptors.

3

-adrenergic receptors in adipose and liver are both implicated in

metabolic changes caused by activation of the sympathetic nervous system. Here, we
propose that repeated restraint stress affects the density, or properties, of adrenergic
receptors in adipose and liver during the post stress recovery period, which then
accounts for the metabolic changes we observed previously.
In the study reported here, we measured specific binding o f the P-adrenergic
antagonist 3 H-dihydroalprenolol (3H-DHA) to receptors in both adipose and liver plasma
membranes, one day after the stress was ended. The objective was to determine whether
repeated restraint stress caused a sustained change in 3 -adrenergic receptor number or
affinity for P-adrenergic ligands

MATERIALS AND METHODS
Animals
Adult, male, Sprague-Dawley rats, weighing 350g, were obtained from Harlan
Sprague Dawley (Houston, TX) and housed in individual wire mesh cages in a humidity
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and temperature controlled room (22+2°C, 65-67% humidity) on a 12:12h light : dark
cycle with lights on at 07:00. All animals were fed with high fat diet (see table 3.1 for
diet composition) for two weeks before being used for experiments
Experiment 7.1
Pilot experiment to determine saturating concentration of
3H-DHA for receptors in liver and adipose tissue.
In this pilot experiment, we determined the 3 H-DHA concentration required to
reach saturation in the binding assay for both adipose and liver tissue from control rats.
One rat was fed high fat diet for ten days before decapitation. The liver and
epididymal fat were removed and immediately homogenized in homogenization buffer
(Krebs bicarbonate buffer pH 7.45, lOpg/ml aprotinin, 5p.g/ml leupeptin, ImM
phenylmethlsulfonyl fluoride). The homogenate was centrifuged at lOOOxg (3000rpm)
for 10 minutes at 4°C. The supernatant was further centrifuged at 13500xg for 15
minutes at 4°C. The final pellet was dissolved in an appropriate volume of
homogenization buffer for determination of protein concentration by the BCA protein
assay kit (BCA; PIERCE, Rockford, EL). The final protein concentration in each sample
was adjusted to 250ug/ml for adipose and SOOpg/ml for liver.
For determination o f maximum binding activity, freshly isolated cell membrane (25pg
membrane protein for adipose and 50pg membrane protein for liver) was incubated at
37°C for 30 minutes in 0.6ml homogenization buffer with increasing concentrations o f
3

H-DHA (0.02, 0.2, 2.1, 4.2, 8.3, 16.6, 50, lOOnM). For nonspecific binding, the

incubation conditions were the same as maximum binding, except that a saturating
concentration o f propranolol (5mM/ml) was present in the incubation buffer. All
incubation conditions were duplicated. The reaction was stopped by adding 0.5ml

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

115

ice cold homogenizing buffer to the tubes and placing the tubes on ice. The membranes
were collected by vacuum filtration through a 0.45|_im nitrocellulose filter (Millipore,
Bedford, MA.) and washed with 10 ml cold Krebs buffer. The filter was placed in a
scintillation vial and dissolved in 1 ml of ethylene glycol monoethyl ether (Sigma.
Chamical Co. St. Louis, MO.). The bound 3H-DHA was determined by scintillation
counting. The specificity o f binding activity was determined by subtracting nonspecific
binding from maximum binding.
The results from this rat are shown in Figure 7 . 1 A. We concluded that both
adipose and liver membranes needed higher concentrations of 3 H-DHA to reach the
saturation level for the binding assay
Since the results from the first rat did not show saturation binding to (3adrenergic receptors, we repeated the binding assay using an increased 3 H-DHA
concentration and decreased protein concentration of membranes from liver and adipose
tissue .
For the second assay, the experimental conditions were the same as first time
except membrane protein concentration from liver and adipose was reduced to
25mg/tube and 3H-DHA concentrations was changed to 1 , 5, 50, 100, and 150nM. The
results of saturation assay are shown in Figure 7.1 B. This time, the saturating
concentration of 3 H-DHA was reached between 100 to 150nM. To reduce experimental
cost, the final 3 H-DHA concentrations used in the experiment were 1, 5, 20, 40, 60, 80,
100, 120nM.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

116

100-t

Liver (50ug protein)
DO

c
■5
c o
B
Cl
o
D
>
CL
C/D

75-

Adipose (25ug protein)

5025-

25

0

50

75

100

125

fc-D HA (nM)

B

DO

C
^5
c

20

D Liver (25ug protein)

-

0

Adipose (20ug protein)

Cl

C/D

0

50

100

150

200

■^H-DHA (nM)

Figure 7 . 1
Pilot data for saturation binding o f P-adrenergic receptor in adipose tissue
and fat o f rats in experiment 7.1. Panel A illustrates the results from the first control rat
and panel B illustrates the result from the second control rat.
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Experiment 7.2 The effect of repeated restraint stress on [3-adrenergic antagonist
binding from rat adipose and liver membrane, measured one day after the last
restraint stress.
Eighteen adult, male, Sprague-Dawley rats were fed with high fat diet (see table
3.1 for diet composition) for two weeks before they were divided into three weightmatched groups: repeated restraint, pair fed, and control groups. Body weights and food
intakes were recorded daily. All food intakes, including those of pair-fed rats, were
corrected for spillage. The repeated restraint stress protocol and pair fed protocol were
the same as described in Chapter Three except that the rats in restrained group were
restraint for four consecutive days instead of three consecutive days. All animal
protocols were approved by the Pennington Biomedical Research Center Institutional
Animal Use and Care Committee.
One day after the last restraint stress, the rats were decapitated. Liver and
epididymal fat were taken and immediately homogenized in cold homogenization buffer
(Krebs bicarbonate buffer pH 7.45, 10pg/ml aprotinin, 5p.g/ml leupeptin, ImM
phenylmethlsulfonyl fluoride). The homogenate was centrifuged at lOOOxg (3000rpm)
for 10 minutes at 4°C. The supernatant was further centrifuged at 13500xg for 15
minutes at 4°C. The final pellet was dissolved in appropriate volume of homogenization
buffer for determination of protein concentration by the BCA protein assay kit (BCA;
PIERCE, Rockford, EL) The final protein concentration in each sample was adjusted to
200pg/ml for adipose and 250p.g/ml for liver.
The experimental conditions for maximum and nonspecific binding
determinations were those described in pilot studies. Two exceptions were: (1) cell
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membrane protein used for incubation was 20pg for adipose and 25p.g for liver. (2) the
3

H-DHA concentrations used for incubation were 1, 5, 20, 40, 60, 80, 100, and 120nM.

The specific binding was determined by subtracting nonspecific binding from maximum
binding
Statistical Analysis
The results were analyzed by a nonlinear regression model for radioligand
binding data (Prism Software, GraphPad Software Inc., San Diego, CA). The results
were present as mean ± SE. The Bmax and Kd from each group were obtained using the
average data from each rat.
RESULTS
The results from specific binding of 3 H-DHA in adipose plasma membrane are
illustrated in Figure 7.2, which clearly showed that at the same 3 H-DHA concentration,
specific binding was saturated for tissue from control and pair fed rats but not from
restrained rats. The Bmax (control: 147, pair fed: 167) and Kd (control: 75, pair fed: 62)
for control and pair fed rats were similar and within the same range. Since the binding
curve from restrained rats did not reach the saturation level, the calculated Bmax and Kd
were not quantitatively reliable. However, as concentration of ligand needed for
saturation binding depends on receptor number, the more receptors present, the higher
ligand concentration is required for saturation binding. By qualitative comparison
manner, we conclude that Bmax for 3 H-DHA binding in adipose tissue from restrained
rats was higher than from control or pair fed animals. Due to large inter-animal
variation, we could not compare Kd among the three groups o f rats.
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Figure 7. 2
Specific binding of 3 H-DHA to adipose plasma membrane of control, pair
fed and restrained rats in experiment 7.2. Data are mean + SE for 5 or 6 rats per group.

The results of 3 H-DHA binding in liver plasma membrane is shown in Figure 7.3.
We failed to get the data from pair fed animals due to abnormal binding which may have
been due to incomplete inhibition by propranolol, the nonspecific antagonist used in
experiment. The concentration of propranolol used in experiment 7.2 blocked binding of
all concentrations o f 3H-DHA in control and restrained rats, but not in pair fed rats.
Thus, the specific binding data from pair fed rats could not be calculated. The binding
curve from both control and restrained rats did not reach saturation level completely due
to the large variations between individual animals, therefore, the reliable values o f Bmax
and Kd could not be calculated using these data by several different computer programs.
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The additional calculation by hand also gave unreliable numbers. For example, the
control rats Bmax ± SE is 83790 ± 63440. However, there is no obvious difference
between groups. Therefore, the results can be viewed as a preliminary data and implied
that the binding o f 3H-DHA to liver plasma membrane from control and restrained rats
were not different under these experimental conditions. The further experiments need to
be done to confirm this observation.
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Figure 7.3
Specific binding of 3 H-DHA to liver plasma membrane o f control, pair fed
and restrained rats in experiment 7.2. Data are mean + SE for 5 or 6 rats per group.
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DISCUSSION
The hypothesis tested in this study was that changes in tissue P-adrenergic
receptor binding from restrained rats contributed to the metabolic changes we observed
during the post stress period. We measured adipose and liver plasma membrane 3~
adrenergic receptor binding activity to 3 H-DHA, a nonspecific P-adrenergic receptor
antagonist. The reason we chose these two tissues for measurements was that adipose
and liver are the two major organs, which are identified as having significant post stress
metabolic changes. And, metabolic regulation in these two tissues are influenced by
sympathetic and P-adrenergic receptor activity. Three P-adrenergic receptor subtypes,
Pi, P2 , and p3, are present in adipose and two P-adrenergic receptor subtypes, Pi and p2,
are present in liver. (Lafontan et al., 1997; Malbon, 1979). The effects of binding
specific agonists to these receptors are tissue specific. Increased lipolysis and decreased
glucose transport were observed in adipose and increased glycogenolysis and glucose
production were observed in liver (Amer, 1992; Lafontan et al., 1997; Schmelck &
Hanoune, 1980). Different subtypes o f P-adrenergic receptors contribute to these effects
depending on the species, age and receptor activity (Katz et al., 1993; Lafontan et al.,
1995; Wolfe, Harden & Moiinoff, 1977). For example, p3-adrenergic receptors in
adipose tissue are mainly responsible for catecholamine stimulated lipolysis and acute
inhibition of glucose transport (Arch & Wilson, 1996). In our experiments, it would
have been preferable to identify binding activity o f each receptor subtype individually,
however, such an investigation could not be achieved at the present time due to a lack o f
commercially available agonists or antagonists for each specific receptor subtype.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

122

The nonspecific antagonist used in this experiment, 3 H-DHA, binds to all Padrenergic receptors in adipose and liver. Although, the result from 3 H-DHA binding
could not be used to identify specific subtype P-receptor activity, it represented the
whole P-adrenergic receptor response in that tissue to stress. Unfortunately, the data we
collected can not be used to quantitatively compare Bmax and Kd among the different
groups since complete saturation of the binding curve was not achieved, which is the
requirement for model fitting. The concentration o f 3 H-DHA used in experiment 7.2
was based on the results of pilot studies which reached the saturation in control rats.
Ideally, a higher concentration of 3H-DHA was needed to guarantee saturation, but the
extremely high cost o f radiolabled 3 H-DHA limited the use of higher concentration.
However, the purpose of this experiment was to compare activities of P-adrenergic
receptors in different groups, rather than to determine accurate values for Bmax and Kd.
Therefore, a qualitative comparison was used to interpret the results. In adipose tissue,
P-adrenergic receptor binding in control rats reached the saturation and restraint rats did
not, at the same 3 H-DHA concentrations. This result clearly demonstrated that total Padrenergic receptor number in adipose tissue from the restrained rats was higher than
that from control rats.
The up-regulated P-adrenergic receptor numbers in adipose tissue could result in
enhanced P-adrenergic receptor metabolic modulation, represented by stimulation o f
lipolysis and inhibition of glucose transport in adipose (Lafontan et al., 1997). In our
pervious experiments, described in Chapter Three and Chapter Five, we observed a loss
of body fat and an inhibition o f adipocyte glucose transport in restrained rats during the
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post stress period. Thus, the post stress metabolic changes in adipose from restrained
rats could result from an up regulation o f P-adrenergic receptors in these rats.
The trigger for this up-regulated P-adrenergic receptor number in restrained rats
during the post stress period was not addressed in the present study. Under sustained
sympathetic activation, the adrenergic receptor is usually down regulated, or
desensitized, in order to balance the feed back signal and whole body response to
prolonged sympathetic activation (Amer, 1992; Jockers et al., 1998). In the experiment
described here, we found the opposite situation, in that restrained rats up regulated their
P-adrenergic receptor number. Therefore, these rats were not in a situation of sustained
stress, which was also illustrated in Chapter Three by normal midbrain urocortin mRNA
levels in restraint rats. Therefore, our results potentially exclude sympathetic nerve
activation as the cause of P-adrenergic receptor up-regulation in restrained rats. A
number o f studies show that, besides sympathetic activation, P-adrenergic receptor
number can also be regulated by other factors, such as corticosterone, TNF-a, and
protein kinase C (PKC) (Cornett et al., 1998; Hadri et al., 1997; Li et al., 1998).
Corticosterone has been reported to prevented the effects o f a P-agonist on down
regulation o f p2 -adrenergic receptor in vivo (Mak et al., 1995). Therefore, the
combination of corticosterone and P-agonist resulted in no net changes in receptor
number or gene expression. This could also be the case in our pair fed rats, because they
did not show any differences in P-adrenergic receptor number, when compared with
control rats, although they were under the continuous stress o f food restriction.
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However, the mechanism o f changes in p-adrenergic receptor number from restrained
rats needs further investigation.
In liver, there were no obvious changes in receptor number or binding affinity
between control and restrained rats. These results imply that the increased glucose
uptake and glycogen synthesis in restrained rats either was not mediated by reduced 3 adrenergic receptor activity, or was mediated by a post 3 -adrenergic receptor
mechanism. It has been reported that epinephrine only regulates insulin dependent
glucose uptake and does not affect insulin independent glucose uptake (Baron et al.,
1987). Since hepatic glucose transport was insulin independent, the increased hepatic
glucose uptake in restraint rats does not have to be associated with a decrease in
sympathetic activity. This may explain why the restrained and control rats basically had
the same P-adrenergic receptor numbers and affinities on plasma membrane. Other
investigators have also demonstrated the relationship between age and 3 -adrenergic
regulation in rat liver glycogenolysis. In new bom rats, liver glycogenolysis is mainly
regulated by P-adrenergic receptors. When animals reach an adult age, their liver
glycogenolysis is regulated by a-adrenergic receptors and then gradually switches back
to P-adrenergic receptor regulation again when they are at a senescent age (24 month
old) (Katz et al., 1993). The rats used in this study were at the age, at which they
regulated glycogenolysis mainly though a-adrenergic receptors. If the post stress
changes in glycogenolysis were mediated by adrenergic receptors, we would expect a
changes in the number or affinity of a-adrenergic receptors, which were not measured in
this experiment. In addition, our previous results show that changes in liver metabolism

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

125

from restraint rats result in a promotion of hepatic glucose storage, which is the opposite
effect of 3-adrenergic receptor activation. Thus, if 3-adrenergic receptors were involved
in the mediation of post stress metabolic changes in liver, we would expect the receptor
number, or affinity, to be down regulated. Our results provided no obvious evidence of
reduced 3-adrenergic receptor activity in liver from restrained rats. Therefore, this
result imply that the post stress metabolic changes in liver from stressed rats were not
associated with 3-adrenergic receptor down regulation. However, we could not rule out
changes in the post receptor signaling pathway, which could also affect the regulation of
liver metabolism. Also, the more quantitative results of adrenergic receptor binding from
liver plasma membrane need to be conducted to confirm the results described in this
chapter.
To conclude, the results presented here suggest that post stress metabolic
changes in adipose were associated with an increase in 3 -adrenergic receptor number,
whereas, the post stress metabolic changes in liver either were not associated with 3 adrenergic receptor activity or were mediated by a post receptor signaling pathway.
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CHAPTER EIGHT
SUMMARY AND RESEARCH DIRECTIONS
In situations of negative energy balance that cause weight loss, such as cold
exposure and food restriction, animals show compensatory hyperphagia once stress has
ended and their body weight returns to control levels. However, following exposure to
repeated restraint stress, rats lose weight and fail return to return their pre-stress weight
once stress has ended. Also, the restrained rats do not exhibit an increase in food intake
to compensate for the negative energy balance that was caused by restraint stress (Harris
et al., 1998b). The unique difference in response to restraint and other stressors has not
been clarified. It is well established that nutrient metabolism in peripheral tissue makes a
great contribution to the regulation o f eating behavior and body weight, especially long
term energy balance and determination o f energy homeostasis. The effects of restraint
stress on tissue nutrient utilization during the post stress period have not been previously
investigated. Therefore, the present studies investigated the effects of repeated restraint
stress on tissue metabolism 24 hours after the stress had ended, to determine whether
changes in metabolism could account for the maintained weight loss in restrained rats.
In this research project, we studied whole body nutrient partitioning, and glucose
and fatty acid metabolism in the three major insulin responsive and/or glucose uptake
tissues: muscle, fat, and liver, during the post stress period. The time points for the
measurements were one day and/or five days after the last restraint stress. It has
previously been reported that acute responses to restraint stress, such as increased
corticosterone, body temperature and changes in brain monoamine concentration, have
returned to control levels within 2 hours o f the end of restraint stress (Harris et al.,
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1998b; Rybkin et al., 1997). To confirm that central neurotransmitters, which are
activated by stress, do not play a role in the post stress period, we measured urocortin
mRNA expression in midbrain. Since acute inhibition of food intake by stress is thought
to be caused by inhibition of NPY (Heilig et al., 1994), the NPY content in the
hypothalamic PVN was also measured. The results demonstrate that one day after the
last restraint stress, restrained rats had similar levels of midbrain urocortin mRNA
expression and hypothalamic PVN NPY protein as control rats, confirming that the
reduced food intake and body weight in restrained rats did not result from the prolonged
activation o f central stress-related neurotransmitters. In contrast to restrained rats, rats
that were food restricted to the same intake as restraint rats (pair fed rats) had higher
urocortin mRNA expression than control or restrained rats, which indicated that they
were under conditions of starvation stress and could be considered an appropriate
positive experimental control. Since central control mechanisms seem to be normal in
restrained rats during the post stress period, we hypothesized that signals from peripheral
tissue were responsible for setting a new homeostatic point for food intake and body
weight during the post stress period.
The results from experiments described in this dissertation show that, during the
post stress period, there are a number o f changes in nutrient partitioning and utilization.
The composition of the difference in body weight of control and restrained rats switched
from a reduction in only lean tissue to a loss of both lean and fat tissue. Also in
restrained rats, whole body glucose clearance was improved; adipocyte glucose uptake
was inhibited; adipocyte fatty acid oxidation was increased but esterification was not
changed; muscle glucose uptake was not changed; and liver glucose uptake was
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increased with the extra glucose converted into glycogen. P-adrenergic receptor number
was increased in fat o f restrained rats, but was the same as in controls in the liver. All
these metabolic changes can be summarized as causing a depletion of body fat stores and
increasing glucose storage in liver. It is well know that changes in lipid metabolism
influence body fat content and that increased liver glucose storage reduces food intake
(Friedman & Tordoff, 1986; Lima etal., 1985; T ordoffe/a/., 1989). Thus, it may be
concluded that, for restrained rats, the reduced body weight, especially body fat, resulted
from increased lipolysis or inhibition of lipogenesis in adipocytes and that the absence o f
compensatory hyperphagia resulted from increased liver glycogen storage.
We did not directly measure adipocyte lipolysis. But the up-regulation o f Padrenergic receptor numbers in adipocytes, observed in experiment 7.2, may cause
increased lipolysis and/or decreased lipogenesis. It is well established that stress causes
an acute increase in circulating concentrations of corticosterone. The corticosterone
then binds to its receptor located in the cell nucleus and can regulate expression of
specific genes. It has not been demonstrated that corticosterone can directly regulate padrenergic receptor gene expression in adipocytes, however, corticosterone has been
shown to prevent down regulation of P-adrenergic receptor gene expression in rat lung
(Mak et al., 1995). Therefore, it is possible that corticosterone receptor activation
stimulates P-adrenergic receptor gene expression by preventing it’s down regulation in
adipose tissue during stress. Since gene regulation takes a longer time to exert its
physiological effects, the up-regulation o f P-adrenergic receptor number extends into the
post stress period.
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The mechanism that increases liver glucose storage as glycogen is still not clear.
The results in Chapter Seven provide no obvious evidence that increased hepatic
glycogen storage results from P-adrenergic receptor down regulation. In addition to
sympathetic regulation, glycogen synthesis is influenced by other factors, including
insulin and glucagon like peptide-1 (Cadefau, Bollen & Stalmans, 1997; Valverde et al.,
1994). Liver glucose and glycogen content can also regulate glycogen synthesis.
Increasing hepatic glycogen content will inhibit hepatic glycogen synthesis (Fleig et al.,
1987). Therefore, further studies are needed to identify the factors, other than
sympathetic activity, which are responsible for increased hepatic glycogen synthesis
during the post stress period. Since tissue metabolic changes result from a complex
network o f regulation with different signaling pathways cross-talking to each other to
determine the final outcome, this increased hepatic glycogen storage could also be a
consequence o f regulation by the interaction of multiple factors.
The mechanism responsible for increased hepatic glucose uptake in restrained
rats also needs further investigation. An insulin independent glucose uptake pathway
may be involved, because hepatic glucose transport is mediated by Glut-1 and Glut-2,
both are insulin independent glucose transporters (Thorens, 1992; Zierler, 1999). The
signaling pathways that mediate Glut-1 and Glut-2 insulin independent glucose transport,
have not been identified. The majority o f research on insulin independent glucose
transport has focused on exercise stimulated glucose transport by Glut-4. The research
shows that both insulin and exercise stimulate Glut-4 translocation from intracellular
cytoplasm to plasma membrane. However, the intracellular signaling pathways involved
in the two events are different. Insulin utilizes a phosphatidylinositol 3-kinase (PI3K)-
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dependent mechanism, whereas exercise stimulated glucose transport is not blocked by a
PI3K inhibitor (Lee, Hansen & Holloszy, 1995; Lund et al., 1995), but involves a Ca2* ,
Ca2+/PKC and 5'AMP-activated protein kinase (AMPK) signaling intermediary pathway
(Hayashi et al., 1998; Khayat et al., 1998). Experiments are needed to show whether
insulin independent glucose transport by Glut- 1 and Glut- 2 involves the same signaling
pathway as exercise induced Glut-4 alteration.
All metabolic changes observed in this study were measured one day after the last
repeated restraint stress. The results can explain the changes in food intake and body
weight regulation during the days immediately following stress. Measurements at a later
time point, such as five days after stress, still need to be completed to determine whether
these metabolic changes on Day One are maintained when the rats have established a
new homeostatic state.
Two major novel metabolic phenomena were identified in this repeated restraint
stress model. The first was a decrease in glucose uptake and an increase in fatty acid
oxidation in adipocytes and the second was increased glucose uptake and glycogen
storage in the liver. These two metabolic changes in restrained rats may explain the loss
of body fat and failure to show compensatory hyperphagia in the post stress period.
These responses make the restraint stress model a unique model for obesity research. In
obesity treatment, the most difficult challenge for subjects is to maintain weight loss and
to prevent weight gain after treatment ends. The distinguishing aspect of the restraint
model is that the rats maintain their reduced weight and do not return to pre-treatment
levels. Therefore, understanding the metabolic changes caused by this model would
greatly benefit not only stress research, but also obesity studies.
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The research project in this dissertation reviewed this unique restraint stress
model in a unique way: metabolic changes in peripheral tissue during the post stress
period, while most other stress related investigations are only focued on central
mechanism modulation. Since the prolonged metabolism changes caused by chronic
stress did not cause much attention, although they play an important role in stress and
recovery period, the tissue metabolic changes on stress would reveal a new direction of
stress and obesity research.
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Appendix 1 Daily body weight (A) and food intake (B) o f control, pair fed and
restrained rats in experiment 3.3, 4.1 and 5.1.
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Appendix 2 Daily body weight (A) and food intake (B) o f control, pair fed and
restrained rats in experiment 5.2.
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Appendix 3 Daily body weight (A) and food intake (B) o f control, pair fed and
restrained rats in experiment 3.4, 4.2 and 6.3
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Daily body weight (A) and food intake (B) o f control, pair fed and
restrained rats in experiment 6.1
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Appendix 5
Daily body weight and food intakes of control, pair fed and restrained rats
in experiment 6.2
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Appendix 6 Daily body weight (A) and food intake (B) of control, pair fed and
restrained rats in experiment 7.2
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